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CHAPTER I: INTRODUCTION AND OVERVIEW

A. Outline and Goals of the Dissertation

Rigid—fod polymers are those in which easy conforma-
tional rotations occur only about the chain axis. Typical
examples include poly(paraphenylene benzobisthiézole) (PBZT)
and poly (paraphenylene benzobisoxazole) (PBZ0O). Rigid-rod
polymers represent an extreme example of a "stiff" chain
molecule. Other, more common polymers such as poly(para-
phenylene terepthalamide) (PPTA), poly(benzl-L-glutamate)
(PBLG), DNA, and cellulose are "stiff" under certain
conditions of environment and temperature, but since these
molecules have access to low energy conformational states

which are non-linear, they are not truly “rigid-rods".

Rigid-rod polymers can be spun from solution into fibers
and films with extraordinary mechanical properties, and
therefore are of considerable technological importance.
However, these fibers and films are comparatively weak in
compression, with post-failure deformation occurring by
strain localization into kink bands. This low compressive
strength severely limits the potential of these materials for
structural components, particularly for‘high performance
applications where strength to weight ratios are critical. A

schematic of the stress-strain response of a rigid-rod poly-




mer fiber is shown in Figure 1.1. The fibers have excellent
tensile strength (4 GPa) and tensile modulus (400 GPa), but

the compressive strength is much lower (0.4 GPa).

The broad goal of the research described in this dis-
sertation was to provide a fundamental understanding of the
solid-state morphology of rigid-rod polymers.’ In particular,
we hoped to find out new information by systematic
application of High Resolution Electron Microscopy ({HREM)
techniques to PBZT and PBZO microstructures. By character-
izing the specific types of defect structures present in
these novel polymer solids and rationalizing these observa-
tions in terms of the known chemical structure, we hoped to
understand how these defects éffect struéture-property rela-
tionships. Also, it was hoped that information about the
molecular motions invalve& in the plastic deformation accém—

panying compressive instability would be obtained.

Normally, a flexible polymer in dilute sélution might be
envisioned as an isolated strand of “cooked spaghetti",
wiggling and twisting about in a loosely coiled COnformaticn.
A comparable physical picture of a rigid-rod molecule is that
of a stiff strand of "uncooked linguine". The linguine”
analogy is particularly appropriate because it illustrates
the non-circular cross section of the PBZT and PB20O
molecules, In §enerai terms, our interest was in under-

standing what happens when these "linguine-like™ molecules



pack together in the solid state. Also, we wished to under-
stand how supposedly completely stiff molecules were able to

slip and bend during deformation of a solid fiber.

The second part of this chapter is a general discussion
and overview of the chemical structure of rigid-rod polymers
and their morphology in the solid state. Chaptei II presents
experimental and theoretical details of High Resolution
Electron Microscopy (HREM), a technique used extensively in
this study and not commonly applied to electron beam
sensitive materials. Chapter III details an investigation of
the structure of PBZT fiber, and Chapter IV concentrates on
the structure of PBZO. Chapter V is an in-depth look at the
morphology and thermodynamics of compressive deformation
zones (kink bands) in rigid-rod polymers. Chapter VI is a
theoretical prelude which provides a framework for cataloging
different types of grain boundaries in extended chain polymer
solids. Experimental confirmation of the different types of
polymer grain boundaries will be summarized. Chapter VII

contains concluding remarks and suggestions for future work.




Figure 1.1: Schematic of the stress-strain behavior of
a rigid-rod polymer fiber. The fiber is extremely strong and
stiff in tension, but is comparatively weak in compression
with failure occurring by strain localization in kink bands.
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B. Rigid-Rod Polymers °
1. Rigid-Rod Polymer Synthesis

The synthetic routes tokand str&ctural formﬁlas of PBZT
and PBZO are presented in Figure 1.2. Both materials are
prepared by condensation polymerization in strong acid
(typically pcly{#hasphcric} acid (PPA)). The solubility of
‘the polymers depends on the ability cf‘a solveht to prctcnéte
ér complex with the chain backbone, and therefore is limited
to strong protic or Lewis acids (Jenekhe and Jchnsénf 1889} .
The ihtrinsic viscgsity of PBZ0O and éBZT in Methane Sulfonic
Acid (HSA}'depends on molecular weight to the power 1.85
{(Wong, Ohnuma, and Berry, 1983) and 1.80 respectively (Lee,
Chu, and Berry, 1983), indicating that the molecules behave

very much like "rigid-rods" in dilute solution.

It is important to note that both PBZT and P820 can be
polymerized into either the trans or cis forms, defined in
terms of whether the nitrcgens are either on opposite sides
éf the heterocyclic group (trans) or both on the same side
(cis). Historically, PBZT has been made predominantly in the
trans form, whereas PBZ0O has’beén synthesized in the cis
form. 1In the discussion that follows and throughout the
remainder of this thesis, all ieferences to PBZT will §e for
the trans form and all references to PBZO will be for the cis

form, unless otherwise specified.
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Figure 1.2: Synthesis of PBZT and PBZ0O by condensation
polymerization. Solubility of the polymers depends on
protonation of the chain backbone and therefore is restricted
to strong protic or Lewis acids. Adapted from Minter (1982).




2. Chain Symmetry and Chemical Defects

Figure 1.3 shows the cis-PBZ0O and trans-PBZT repeat
units drawn with atomic positions and the partial charge of
each atom in equilibrium as determined for isolated molecules
by the CNDO/2 method by Bhaumik, Welsh, Jaffe, and Mark
{1%81). It is apparent that the bond geometry cf'bcth PB2ZT
and PRZ0O is such that easy conformational changes are only
those which involve simple rotations of the phenyl or
heterocylic group about the chain axis. Let us now examine
how rotations such as these might affect local packing ener-

getics.

First consider the change in local chemical environment
induced by a rotation of the heterocyclic group about the
chain backbcne‘ The symmetiy‘cf either the’cis or trans
forms is such that the relative positions -of nitrogens on
neighboring monomers will be changed by such a rotation.
This alteration in the specific contacts between molecules

will influence the intermolecular potential energy.

The second aspectvis the linearity between the bcndé at
‘either end of the heterocylié group. Since the phenyl group-
heterocycle bonds are predicted to be colinear with the chain
axis for cis-PBZO, this rotation can occur without disrupting

the molecular orientation. Notice from Figure 1.3 that the
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Figure 1.3: Bond geometry and partial atomic charges of
PBZT and PBZO in equilibrium calculated by the CNDO/2 method
(Welsh, et al., 1981). Units are in 10~3 of an electron
charge. Note that the heterocycle-phenyl ring bonds are
colinear with the chain axis for PBZ0O but not for PBZT. This
implies that a rotation of the heterocylclic group about the
chain axis will require a local reorientation of the chain
for PBZT, but not for PBZ0. The symmetries of both the "cis"
and "“trans" forms mean that such rotations will change the
specific nature of intermolecular contacts.




neighbcriaé phenyl group—heterccycle bonds along the backbone
are not parallel to the molecular axis in PBZT. ‘Henéef in
this case rotations of the heterocyclic group about the chain
axis will require a change in the local orientation of the

chain.

A chemical defect internal to the chain may océur if the
polymerization of PBZT or PB2Z0O is not complete. It is
conceivable that during the polymerization the TA acid group
does not completely eliminate the DABDT monomer. Sﬁch an
incomplete reaction of thefTA‘acid with the DABDT monomer
might result in the formation of a £ocal flexible linkage in
thé otﬁerwise rigid backbcne; Other types of chain defects
might occur due to the presence of impurities in the reaction
medium, giving rise to a certain percentage of bonds which
allow for flexibility within the chain. The presence of such
a flexible "swivel"™ in the chemical structure has been
predicted to have important consequences on phase behavior of
rigid polymers (Matheson and Flory, 1981), and might cause

major packing problems in the solid state.

Because these polymers are prepared by condensation
palymerization,’the molecular weight disﬁributions are
expected to be reasonably broad. 1Indeed, this has been
experimentally observed (Cotts and Berry, 1981). Experiments
indicate a deviation from the "most-probable" distribution

with depletion of both short and long chain lengths. This
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was rationalized in terms of a rate constant for polymeriza-
tion which was dependent on the chain length. The polydis-
persity ratios Mw/Mn are less than the most probable value of
2.0 during the most of the reaction, approaching 2.0 only at

high conversion (98% or more).

For typical molecular weights (30,000-60,000), the
degree of polymérization is on the order of 100-200. This
means that one out of every 50 to 100 units is expected to be
a chain end. If the §ize of the chain end is assumed to be
the same as a fepeat unit, theh in the final fiber 1 to 2% of
the material by volume may be chain ends.  If there is a
tendency for chain ends to segregate out of crystalline

regions, then the local density of ends may be higher.
3. Solution Behavior

Dilute solutions of PBZT and PBZO are isotropic, but as
the concentration increases the solution becomes anisotropic
(Wolfe et al., 1981, Choe and Kim, 1981). Fibers and films?
are typically prepared by dry-jet wet spinning techniques,
involoving extrusion of this nemafic solution through an air
gap into a coagulating bath. These "as-spun" fibers and
films are subsequently heat treated under tension for the
highest moduli and tensile strengths (Allen, 1983). For PBZT
tensile moduli of 330 GPa and tensile strengths of 4.2 GPa

have been reported, for PBZ0O these values are 365 GPa and 5.8
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GPa, respectively (Adams and Eby, 1988). A schematic of the

fiber processing steps is shown in Figure 1.4.
4. Morphology of the Solid State

The structure of fibers and films of PBZT and PBZO has
been studied by several techniques including Optical
Microscopy (OM)}, Wide Angle X-Ray Scattering (WAXS), Small
Angle X-Ray Scattering (SAXS), Small Angle Neutron Scattering
(SANS}), Scanning Electron Microséopy (SEM), Conventional
Transmission Electron Microscopy (CTEM) usiﬁg both Bright
Field (BF) and Dark Field (DF) Imaging, and High Resolution
Electron Microscopy {(HREM}. From these studieé we now have a
relatively de;ailed understanding of the morphology of rigid—‘
rod polymers. The major findings are summarized below and
elaborated in detail in the introductions to Chapters III and

Iv.

The structure of rigid-rod polymer fibers as a function
of processing step‘is shown schematically in Eigure 1.5, 1In
~ccnce§trated acid solution, the rigid-rod polymer solution is
in the nematic state. During dry-jet wet fiber spinnihg the
acidic solution is extruded through a die and oriented by an
elongational stretch in an air gap {?igure 1.5a). This
oriented solution is then coagulated forming an
interconnected microfibrillar network (Cohen, 1987)

(Figure 1.5b). During drying, the network is collapsed

12



ST I3qT1J 3I9m 8y

‘UOTsusl Ispun juswiearl 3esay Is3je pauTeizqo sae sarizaadoad

3s8q 9yl ‘23e3s ,unds-se,,

°4l3} WOIJ pPaAOWSI USYM "YIOMIBU IBTTTIQTIOIOTW USTTOMS ®

. ‘yieq Ie3em e Ul pajernbeod sT pue deb ate

ue ybnoiyj aansssad zspun STP ® ybnoiyj padIoy ST UOTINTOS

dTjewsu ayL ‘uoT3INIOS wolI I9qT3F I3wiAtod poa-pThTa bHuTtuutds
ut sdels buTsspooad dSY3 JO OTJRWIYDS :p T 2anbrg

9yl O3UT SYUTIYS ISQTJ 9yl Iajem

13




Joqty
pajeail-1eay
uolIsuad L,

- j10m3IBN |

sorUIN ]
Juawiead ],
-5y

1aq1q
undg-sy

Yyiedq
de[juqyolot
; ~:m=o3m n 02H
uonnjog
I3wAlod
POY-pBRY
d1jBWAN

14



Nematic
Rigid-Rod
Polymer
Solution

Swollen
Microfibrillar
Network

As-Spun
Fiber

Tension
Heat-Treated
Fiber

Figure 1.5: Morphology of rigid-rod polymers as a
function of processing step. The nematic polymer solution
undergoes a phase transition to a swollen microfibrillar
network upon coagulation in water. After drying the
microfibrils collapse yielding the "as-spun" fiber. Heat
treatment under tension gives better orientation and larger
crystallites.
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yielding the "as spun" fiber (Pottick, 1986) (Figure 1.5c¢).
Heat treating under tension allows further perfection of the
orientation and increase of the crystaliite size {(Minter,

1982; Allen, 1983) (Figure 1.5d).

WAXS and SAED patterns of heat treated PBZT and PBZO
fiber show strong equatorial reflections with pronounced
continuous streaking on layer lines along the fiber axis,
indicating the molecules pack well in two dimensions but
exhibit disorder along the orientation direction (Roche,
Takahashi, and'Thomas, 1980). PBZ0O exhibits more local 3-D
crystal texturing than PBZT as evidenced in WAXS by the |
development of localized scattering on the second order layer
line and in SAED by the non-uniform relative intensities of
equatorial reflections from different regions of the fiber

(Adams et ai.,‘1986; Krause et al., 1988).

SAXS scattering of spun fibers of PBZT and PBZO shoés
strong eguatozial scattering due to voids (Minterf 1882).
The voids are elongated in the direction of the fiber axis.
The diameter of the microfibrils has been characterized §y
SAXS of water-coagulated PBZT giving a Size of 7 nm (Cohen,
1987). This compares with the 5-15 nm latéral crystallite
size seen in heat-treated PBZT by DF imaging éné with direct
equatorial lattice fringe observati&ns by>HREM (Shimamura,
Minter, and Thomas, 1983; Boudet et,al.,‘lQB?). Unlike PBZT,

SAXS of heat-treated PBZ0O shows a four-point pattern
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indicative of the development of a periodic fluctuation in
the electron density at specific angles to the fiber axis.
The periodicity of the structural fluctuations giving rise to
this SAXS scattering is approximately 8 nm and is oriented at

about 57 degrees to the fiber axis.

The size and shape of the crystallites may be determined
by DF imaging and by direct imaging of the lattice by HREM.
From DF tilt studies it is known that the crystallites are
not long and "twisting" but instead are short, equiaxed, and
randomly oriented about the fiber'axis (Martin, 1989). The
differences in the axial and transverse size of cr?stallites
in different high performance polymers measured by DF has
been compared by Krause et al. (1988) . PBZO crystallites
increase in size in the lateral dimension during heat treat-
ment, whereas PBZT increases size more in the axial direc-
tion. In both PB2ZT and PBZO the size of the crystallites in

the axial direction (5-20 nm) is much smaller than the length

of each molecule (100-200 nm).

C. OQuestions About Ultrastructure in Rigid-Rod Polymers
While much has been done to develop a detailed under-

standing of the morphology of rigid-~rod polymers, there are

several key issues which remain unanswered. For example:-
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* What is the detailed nature and extent of limited
three-dimensional ordering in PBZT? What types of defect
models are appropriate for modeling and characterizing this

disorder?

* What is the nature of the three-dimensional crys-—

tallinity which develops in PBZ0O?

* What are the specific defect structures representa-
tive of the disorder within and boundaries between PBZT and

PBZO crystallites?

* What mechanisms of molecular motion are involved in
the compressive éefcrmati§n process? 1Is it possible to
gquantify as a function of straih the nature and number of
kinks involved in the plastic deformation behavior cf‘rigid-

rod polymers in compression?

This'thesis provides answers to some of these gquestions
and points out additional avenues of further investigation
for others. The development of our understanding of these
details is central to a full appreciation of the relationship
between the microstructure of these unique materials and
their outstanding mechanical pr0§e:ties. With this insight
it may be possible to design novel synthetic4aad processing
routes to tailor properties for even better performance in

the future.

18



CHAPTER IX: HIGH RESOLUTION ELECTRON MICROSCOPY OF POLYMERS

A. Introduction

High resolution structural studies are of interest for
determining the detailed arrangement of molecules and atoms
in a material. The amount of information obtained by an
imaging technique can be quite large, and there is a strong
tendency to literally interpret images as a direct ihdicatiqn
of detailed sample structure. Unfortunately, for samples
imaged by phase contrast it is not always possible to
directly interbret sample structure from an image due to the
strong influence of the microscope optics. Tpié lack of
fundamental understanding in image interpretation has led to
controversy and misunderstanding of polymer ultrastructure in
the past (Thomas and Roche, 1979). A knowledge of the optics
of electron imaging and a simulation of model images for a
presumed structure are both necessary for valid
interpretation of images taken near the ultimate resolution

of a microscope.

In this chapter the fundamental physics of high resolu-
tion electron imaging is reviewed. A familia#ity with the
idiosyncrasies associated with proper HREM technique is an-
important prerequisite for interpretation of much of the data

presented in the later chapters of this thesis. Particular
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attention will be paid to aspects of HREM relevant for

imaging beam sensitive materials,
B. High Resolution Electron Microscopy (HREM}

HREM describes imaging with electrons at a resolution
sufficient to resolve the important spacings corresponding to
local packing of étcms and molecules into a crystalliﬁe
lattice. At this resolution (nominally less than 2 nm),
image contrast can sometimes be directly related té the pré-
jected electron potential of the sample. HREM can therefore
be a powerful tool for local structural char;cterizaticn,
Because the spacings corresponding to the crystalline lattice
are a common feature in HREM images, these micrographs are

also often referred to as "lattice images".

Although HREM i#vestigatians of inorganic materials ha?e
become common, the use of this teghnique for organic
materials (like most polymers) has been limited by the ra?id
degradation of the material in the electron beam. However,
the careful use of minimum dose exposure technigques as well
as particular attention to sample preparation has made it

*

possible to apply HREM to a number of palymérs.

In the following section the details of HREM will be
briefly reviewed and the rélationship between intensity

distribution in an HREM image and the original sample struc-
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ture will be shown. It will be seen that while the relative
intensities of different frequencies originally pfesent in
the sample may be altered in the image, the periodicities or
"spacings" are not changed. Hence, it is possible to |
unequivocally associate regions of well-defined periodic
fringes observed in HREM images as arising from similar well-

ordered regions present in the original sample.

We will explore these points in more detail by examining
the relationship between sample structure and HREM image for
rigid-rod polymers. These image simulations use the
multislice approach to solve the dynamic electron scattering
from different projections of‘the PBZT and PBZO crystal
structures determined from scattering techniques. These
simulations will illustrate clearly the relationship between

the postulated sample structure and the expected HREM image.

Next, the history of HREM imaging of polymers and some'
highlights of these previous studies will be discussed. Then
experimental details pertinent to the HREM studies in this
dissertation will be presented including sample preparation,
ihstrument 6peration, and sample thickness detéfminations.

We will also examine the obscuring effect of limited electron

dose and sample drift on simulated images.
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1. HREM Details

HREM has become an important tcol’fcr structural studies
in materials science. Detailed reviews of the procedure are
available (e.g., Spence, 1980; Amelinckx, 1986; Eujita and
Hirabayashi, 1986; Buseck, Cowley, and Eyring, 1989). The
possibilities of using HREM for studying defects in
crystalline polymers have been discussed by Martin and Thomas
(1987). The following is a condensation of the essentials of
HREM imaging necessary to understand the technique with
eﬁphasis on the important way in which the microscope

influences the final image.

ﬁFigure 2.1 is a schematic of the HREM imaging process.
We take the eleétrcn potential function of our sample as
(p{xl,xz,xs,t}r where xl,x2,33‘are positicns in‘real space
and t is time. Often, we are interested in the static
structure only, and therefore we will restrict this discus-
sion to ${x1,x2,x3). Radiation damage wizl céuse changes to
¢ as t increases, but usually the primary intérest is in the

undamaged specimen structure $(x1312;x3,t=0).

Impinging upon this sample is the electron beam with its
own characteristic wave function Yo traveling in the
direction xy. The beam interacts with the sample’tc give
rise to an exit wave V- The Fourier transform of Vo is Ver

where k is the scattering vector. With the microscope
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objective lens off the experimentally observéd guantity isi
the scattering pattern I(k) which is proporticnal to the
sgquared amplitude of W§= The effect of the objective lens is
to multiply Wi by a Transfer function T (which depends sen-
sitively on the operating conditions of the microscope), and
then to inverse Fourier transform Vi T to give wgf‘thé image
wave. The intensity of the final image is recorded as a two-
dimensional array of darkening on the photographic film

I(x,,x,) which is proportional to the squared amplitude of

v, .

The goal of HREM imaging is to relate the 2D image
intensity I{xl,xz) to thé 3D sample structure @{xi,xz,xs).
In order to reconstruct @{xl,xz,x3}‘from I(xz,kz} three
problems must be solved. First, it is necessary to determine
how the structure Scatters‘the incident wave YV, to give rise
to an exit wave VY,- Second, it is necessary to know the
effect of the microscope on taking this exit kave andi
producing an image wave Y, . This réQuires an uﬁéersténdisg
of the transfer function ®. Third, since the sample
structure is three-dimensional énd‘the image is two-
dimensional, it is necessary to reconstruct the three-dimen-
sional structure by a taking a series of images about some

tilt axis (DeRosier and Klug, 1968} .
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2. Interaction of Incident Wave with Sample

In general, the scattering from an arbitrary arrangement
of atoms requires the solution of the three-dimensional
Schrodinger equation for the entire sample-incident wave
system. However, in certain limiting cases the relationship

between the samplé structure and the exit wave is simply

related.

The effect of the positive potential distribution @ of
the sémple on an incident plane wave VYo is to cause an
acceleration of the electron, causing a small réductioh in
wavelength. This gives rise to a local phase shift for an
electron passing through an area ofvthe sample of higher
potential. vThe amount of phase shift rélative to vacuum for
an electron passing through a region of uniform potential ¢
of thickness t is 6 ¢ t, where 6 is given by ¢ =n/A vV, =
2 tmeAi/h. A is the wavelength of the electron, V, the
accelerating voltage, m the electron mass, and e the elec-

tronic charge.

For high accelerating voltages, the wavelength of the
electron calculated from the de Broglie relationship must be
corrected for relativistic effects. The algebraic relation-

ship between A (nm) and Vo (volts) is (Hirsch et al., 1965):




A = 1.22639/(V_ + 0.97845x10-6 v°2)1/2

{2;1}

Hence, for an accelerating voltage Vs of 200 kV, the wave-
length of the electron A will be 0.00251 nm, and therefore ©
will equal 0.00626 {(nm volt}—i. This means a typical sample
of thickness ¢t of 10 nm with a constant inner potential ¢ of
10 eV would cause a phase shift of 0.626 radians

{35;8 degrees) relative to vacuum.

For a thickness over which focus variation is negligi-
ble, the sample acts as a pure phase object and the exit wave

V. is related to the incident wave VY, as follows:

Wx = Wa exp{-iyc @{xl,xz))
' {(2.2)

where @{xi,xz} {volt nm) is'the total projection of ¢ alang'
the beam direction Xq/ given simply by integfating @ in the
xq direction. This is known as the strong-phase object
apgroximat}cn {SPOA}. The SPOA represents the correct
dynamical solution to the‘scattering problem when the voltage

is infinite {(Moodie, 1972).

If the amount of phase shift is small, the exponential |
in (2.2) may be expanded and higher order terms neglected,

giving
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Ve = Vg (1 -ioc ¢(x1,x2))
(2.3)

which is the weak phase object’approximation (WPOA). 1In the
WPOA case there is a simple, linear relationship between the
projected potential of the sample and the exit wave. For
samples of higher atomic weight, signficant dynamical
(multiple scattering)‘effects are seen in thicknesses as
small as 1 nm (Lynch, Moodie, and O'Keefe; 1975). For lower
atQmic number samples w(xl,xz) is smaller so that the WPOA

holds for thicker samples.

The solution of the dynamical scattering problem for a
thick sample can be calculated by the "multislice" method of
Cowley and Moodie (1957). In this approach the sample'is
treated as a series of N thin slices along the beam direc-
tion. The slice thicknesses are choseﬁ so that the defocus
variation within each of them is negligible, and therefore
the SPOA holds. The smearing of the wave through the vacuum
between slices is treated by a spherical Fresnel propagator,
In the limit of large N, the results obtained by this tech-
nique are equivalent to the rigorous dynamical scattering
calculation (Cowley and Moodie, 1957). The multislice
approach can be easily adapted for numerical caléulations and

FORTRAN source code is now widely distributed by the National
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Centers for High Resolution Electron Microscopy at Arizona

State University and the Lawrence Berkeley Laboratory.

3. Physics of Image Formation

If the exit wave is allowed to prcpagate in a uniform
potential field, then at large distances away from the sample
the resulting wave is Vyr the scattered wave. Vi is the
Fourier transform'of V- Without the action of the objective
lens the squared amplitude of wk~may be coliécted on film as

the electron diffraction pattern.

The effect of the objective lens of the microscope on
the propagating wave can be represente& as a méltiplicaticn‘
of Vi by a functican known as ﬁhe ﬁransfer function of
instrument and an inverse Fourier transform of Ve T to give
the image wave wi. Ideally, it would be best to have a
transfer function T=1 for all frequencies; then the intensity
in the image could be directly related to intensities in the
exit wave. However, T is a sensitive function of the optics
of the microscope and in fact may even be zero or negative.
Thus some freqﬁenciés may be lost completely or passed in
reverse contrast. T approaches zero for low frequencies, is
nearly egual to +1 or -1 for a "pass band" of intermediate

frequencies which depend sensitively on defocus, oscillates
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strongly at higher frequencies, and then approaches zero

again at the very highest frequencies.
The functional form of T is (Cowley, 1989):

T = exp(i %(k,df)) Dl(k) Dz(k,df) D3(k,M) Al(k)

(2.4)

~where df is defocus, M.ié magnification, exp(i %x(k)) is the
objective lens propagator function, D1 is the damping enve-
lope due to focus spread, D2 is the damping due to beam
divergence, D3 is the damping due to the film response, and

Al is an aperture function.

The first term in equation 2.4 is the objective lens
propagator function exp(i % (k))) which plays a critical role
in determining the phase contrast of a high resolution elec-

tron micrograph. The specific form of % (k) is

x(k) = 2 n/h (af X2 2%/2 + c_ At x4/4)
s

(2.5)

where Cs is the spherical aberration coefficient of the
objective lens. For a JEOL 2000 FX with a side entry
goniometer and high resolution pble piece, C8 = 2.3 mm.
Negative values of df mean an underfocused objective lens.

The term exp(i x(k)) is sometimes called the coherent phase
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contrast transfer function (chley, 1989) because it repre-
sents the expected objective lens phase shifts for a per-
fectly coherent source. 1In reality, electron'scurcés‘are not
cohefent; their finite chromatic aberration‘ané beam
divergence both serve to dampen high resolution information.
Before we discuss the‘role'ef the function exp(i %(k)), we

will first discuss these damping functions.

The first damping function BI is due to focal spread and

is given as

~ 2_2.4,,
DI = GXPIfK Oq u/2]

(2.6)
where Oq4 is the dimensionless spread of focus giveh in
reduced units as Gd=cd‘/{csl}1/2, with Gd‘ the standard
deviation of focus in nm. Here, U is a reduced scattering
vector U=k {Csks}lfi. Likewise, D, is given by:

p, = exp[-n% 0% v® (U + af")]
(2.7)

with,6=a(c!/l}1/‘ the reduced semiangular divergence for the

beam divergence a in radians, ané(df‘Sdfl(Csl)xfz the

reduced defocus.
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The film damping term D3 is described well by a
Lorentzian (Tsuji and Manley, 1983):

D. = 1/(1+ A k2/M%)

3
(2.8)

where A is a constant which depends on the grain size of the
film and developing conditions and M is the magnification.
This damping term represents the inability of the film to
record incident periodic signals with very small spacings
between peaks (high frequencies). The response of a photo-
graphic emulsion as a function of signal frequency is called
the Modulation Transfer Function (MTF) (Dainty and Shaw,
1974; Shepp, 1989). For beam resistant samples the magnifi-
cation M can be increased to a point where the effect of D3
on the recorded image is negligible (D3=1). This is not the
case with beam sensitive materials such as those studied in
this thesis, where low magnifications are important to reduce
the incident electron dose. At low magnifications D3 be¢omes

the dominant damping term.

Each of the functions DI'DZ’ and D3 damp high frequen-
cies and therefore each may determine the practical'limit for
information transfer in the microscope. In order to
evaluate the different damping functions Dl’ D2, and D3 it
is necessary to define some level of intensity necessary for

frequencies to make an important contribution to the image.
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A convenient value is 14% (Cowley, 1989), representing
exp(-2). This level of the image intensity gives exp(?i) in
the image amplitude (37%). Letkus define the maximum
resolution (largest important scattering vector ﬁ) as kmax‘

From eguation {2.6), we then find the relation:

. 2
‘Gd = G.iS/{kmax A)
{2.9)
Likewise, from 2.7 we obtain the regquirement:
a < 0.32/(k (k.. .2c.22 + af))
S max ' max s : ;
(2.10)

as the limiting value of beam divergence necessary to avoid
damping due to D2. Experimentallyf the best information
resolution thus far obtained by our research group ch the
JEOL 2000 FX is the 0.17 nm (840) reflection in
poly(paraxylylene) (PPX) (Pradere, 1988), ccriesponéing to a
kmax of 5.88 nmfl. From the equations above and the physical
characteristics of the microscopé (C,=2.3 mm, A=.00251 nm),
;his corresﬁonds to a maximumkdefocus spread Gd‘ of 5.2 nm

and a limiting semi-angle of illumination a of about

0.1 mrad. ' ' | , .

Experimentally, the parameter A in DB may be determined

by measuring the response of the film to a beam stable‘cbject

of known periodicity. This involves taking a series of
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lattice images as a function of magnification and determining
the smallest magnification at which it is still possible to
detect Fourier peaks of the appropriate frequency in the
optical transform of the image. On the JEOL 2000 FX, it was
found that a 1.4 nm lattice image of an oxide sample could
not‘be resolved below 10,000x on Kodak S0-163 Electron Image
Film developed in full strength D-19 developer for 12
minutes. This corresponds to a peak-to-peak distance on the
film of 14 microns. Using a value of D3 equal to 0.14 as the
limit of reasonable detection, this gives a value for A of
1.2x109 nm2. For a HREM micrograph of a 0.55 nm lattice
(corresponding to the PBZO (200) first equatorial spacing)

taken at 130,000x, the film damping term D_.=0.81.

3
These values are quite reasonable for obtaining good,

high resolution images. The following Table 2.1 summarizes

the experimental parameters governing HREM imaging with a

JEOL 2000 FX and Kodak S0-163 film.

Let us now examine the expected HREM image intensity in
the case of the WPOA (Cowley, 1989). 1In the following dis-
cussion the role of the damping functions Dl’ D2, and D3

will be assumed unimportant} The WPOA gives us the normal-

‘ized transmission function q(xy,%,):
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Table 2.1
SREM Imaging Parameters
for a JEQOL 2000 FX with
Side-Entry Goniometer and

High Resolution Pole Piece

Parameter . Symbol Value
Voltage Eo | 200
Wavelength L 4 : 0.00251
Spherical Cs ) 2.3
Aberration

Defocus o od' ‘ | 5.0
Spread

Beam Divergence a ‘G.E
Film gamping A ' 1.2x109
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q(x;,x,) = Y /Yy, = 1-C 9(x;,x,)

(2.11)

The image plane wave is then given by

Y, = alx,,x,) * tf(x,,x,)
(2.12)

where * is the convolution operator and Tf(xl,xz) is the

Fourier transform Qf exp(i x(k)). tf(xl,xz) is a complex
function which can be written in terms of‘its real and imag-
inary parts s(xl,*z) + i c(xl,xz). The intensity at the

image plane is then:

I(xy,%,)={1+0 Q(x;,X,) *8(xy,X,) =i O Q(xy,%X,)cC(xy,%,)}
x{14C (p(xl,xz) *s (xl,x2)+i (o] (p(xl,xz)c(xl',xz) }
(2.13)

Dropping terms of second order in (SQ(xl,xz) gives

I(xl,x2)=1+2 crm(xl,xz)*s(xl,xz)

(2.14)

exp(-i %X (k)) may be written as cos(x(k)) - i sin(x(k)),

therefore s(xl,xz) is the Fourier transform of ain(x(k)).

The function sin(X(k)) modulates the amplitude of the

scattered frequencies for weak phase objects. For optimum
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imagiaé; it would be ideal to have sin(y(k)) = 1 or ;1 for
all important frequencies k. However, examination of equa-
tion 2.5 shows that in general sin()x(k)) may vary widelyiand
is a sensitive function of the operating conditions (Cs and
df). At a slight underfocus of the objective lens, there is
a focus condition in which sin(y(k)) isAnearly equal to -m/2
over a broad range of‘frequencies. This focus setting, which
gives rise to optimum contrast for samples with a broad iange
of scattered freguencies is called the Scherzer focus, after
Otto Scherzer who was the first to.describe it (1949) . Thé

Scherzer focus is given by —}.2{Csl)§/2.

At the Scherzer
focus the first zero in the transfer function occurs at a
frequency of ks=1,51/{csk3)1/4 which is a measure of the

optimum point resolution of the microscope. For the JEOL

2000 FX the Scherzer focus is —91 nm and 1/ks=ds=0.29 nm.

For an ideal objective lens, y(k) = —x/é for all fre-
quencies, giving sin(y(k))=-1 for all k. In this optimal

case, equation 2.14 becomes:

;E{x1;x2}=I—2 4] w(:l,x2)
‘ {(2.15)

Equation 2.15 shows that for a sample obeying the WPOA in the
limit of an ideal lens, the HREM image intensity distribution
will be linearly related to the projected specimen structure

${x1;x2}, Equation 2.15 shows that atoms (high potential)
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will appear dark (less intensity) than neighboring vacuum
(¢=0).’ Under these stringent conditions, imége
interpretation is intuitive. For other defocus settings dark
areas are not neéessarily a direct mapping of regions in the
sample with a-high projected potential. The maximum amount
of contrast in the image under optimum condifions is given by

20609

max(xl,x2).

Note that in a real image the amount of contrast will
never be this high; éscillations in sin(x(k)) and the damp-
ing functions Dl,Dz,and D3 will all serve to damp the inten-
sity of different frequencies in an actual experimental
image. However, the equation represents a lower bound.for
the minimum ¢(x1,x2) necessary to give the observed contrast
in a micrograph. Hence) by measuring the experimentally
obtained HREM image contrast one can estimate a lower bound
on the minimum amount of local variations in @ necessary to
give rise the observed contrast. Quantitative méésurements
such as these are of interest in detailed comparison of
structural models with ekperimental images, particularly for
highly disordered syétems where models might predict a

smaller amount of variation in @ than could be explained by

the observed HREM contrast.

The actual contrast for a known sample and microscope
configuration can be calculated if the full dynamic scatter-

ing of the material is known. As mentioned earlier, a con-
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venient method of calculating the dynamic scattering problem

is the "multislice" formalism.

4. Image Simulations: Multislice

If the dynamic scattering of a crystal structure of a
given thickness is known, then it is possible to calculété
experimental HREM images if the operating conditians of the
microscope are also known. A comparison of calculated images
with those experimentally obtained is further conformation of
thé validity of a given structural model. Such comparisons
are now routinely performed in HREM studies of inorganic

materials.

Multislice image calculations are useful for prcviding‘
the experimenter with a good "feel™ for‘what is expected in
an attempt to use HREM on a new sample. However, because of
the computationally intensive nature of these calculations
and thé number of parameters which are involved, caution must
be employed in detailed inéerpretation of resultsbobtained.
Recently, in the study of oxygen ordering ih superconductors,
Ourmazd and Spence (1987) used image calculations to suggest
that certain "white rows" seen in HREM images could be
interpreted in terms of different types of ordering on the
oxygen deficient planes. However, Huxford, Eaglesham and

Humphreys (1987) showed with similar calculations that
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variations in Debye-Waller factors could also lead to image
predictions which were similar to those seen with vacancy

ordering.

There are other deficiencies in the multislice calcula-
tion which may lead to errors and therefore deserve mention.
Most of the multislice programs in use rely on the Mott for-
mula for approximating the electron.scattering factor (Mott
and Massey, 1965). Peng and Cowley (1988) have shown that
the Mott formula can lead to serious errors in simulated
images and potential distributions, particularly for large
objects (small frequencies). 'This is not a problem for small
unit cells, but becomes critical for simulations of large
objects and for extended cells containing defects. Also, the
scattering factors which are incorporated are all assumed to
be spherically symmetric about the atomic center. The
deviations from local symmetry which arise from hybridization
of the electrons into molecular orbitals have not yet been
incorporated into the multislice approach. These effects
might be particularly significant in low atomic number
materials with strong molecular orbital hybridization and

aromaticity.

Another limitation in the current formulations of the
multislice approach is in determining image contrast for
small deviations off the Bragg angle. Such predictions are

important for understanding the "rocking curve" behavior of
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'HREM images. As currently written, multislice packages
recalculate’a two-dimensional unit cell which describes the
periodic projection of the structure in a given crystallo-
graphic direction. For small deviations from a Bragg
reflection, the projection may be along a non-crystallo-
graphic direction. 1In such a case, the program calculates a
slice thickness which is prohibitively large (often over 100
nm},‘ This method of creating "periodic slices"™ also limits
the ability to easily determine the effect of thin sections

through samples with large unit cells.

Finally, it is important to consider memory reguirements
and sampling problems in the multislice formulation. When
simulating images of non-periodic objects (like lattice
defects), it necessary to use an artificially large unit cell
which is periodically continued in order to perform the
multislice calculation in Fourier space. It‘haskbeen noted
(O'Keefe, 1984; Self and O'Keefe, 1989) that for 128x128
sampling nets {détermined by array sizes in multislice for-
mulations), the supercell size should be less than 4 x 4 nm

for sufficient sampling in both real and Fourier space.

5. Simulated HREM Images of Rigid-Rod Paiymers

The following section presents results of multislice

calculations for the expected HREM images of PBZT and PBZO.
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The coordinates of the atoms used in these calculations were
;provided by W. W. Adams and A. Fratini. For‘PBZT, the mono-
clinic primitive unit cell was used with a=0.595 nm,
b=0.362 nm, c¢=1.249 nm, a=90, =90, and ¥=95.47 degreés. For
PBZ0O, the unit cell used was monoclinic and nonprimitive,
with a=1.1039 nm, b=0.3458 nm, c=1.2061 nm, a=90, B=90, and
Y=91.50 degrees. Placement of the second chain in this non-
primitive unit cell has been sugéested at the position (1/2,
0, 1/2) (Fratini and Adams, private communication), but we
“have fouﬂd that a placement of (1/2,0,1/4) ié more consistent
with experimental WAXS and SAED data. The positioning of the
second chain in the PBZO unit cell and its influence on SAED
and WAXS scattering patterhs will be discussed in more detail

in Chapter 1IV.

Figure 2.2a shows the crystal structure of PBZT pro-
jected in several different crystallographic directions. The
general shape of the PBZT molecule can be eaéily seen. In
PBZT, the planes of highest electron density are the 0.59 nm
(100) and 0.36 nm (010) planes parallel to the chain axis.

- These planes correspond to lateral close packing between
molecules "side-to-side" and "face-to-face" respectively.
Projections of the crystal structure in the [010] and [100]

directions enables these spacings to be seen clearly.

The structure shown has the neighboring PBZT molecules

aligned with no axial shift. Because of the uniform cross
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Figure 2.2 a) Projected potential of PBZT in several
crystallographic directions. b) Simulated Images of 10 nm
thick sections of PBZT for a JEOL 2000 FX at Scherzer focus.
While the high resolution details about the hydrogen atoms
and internal structure of the phenyl and heterocyclic group
cannot be resolved, it is possible to determine the positions
of the stacks of polymer chains. At Scherzer focus, the
stacks of molecules are in reverse contrast, with the image
predicted to be dark where the projected potential is high,
and light where the projected potential is low.
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section of the PBZT molecule (seen clearly in the [001] pro-
jection down the chain axis) and the weak lateral bonding,
PBZT exhibits axial shift disorder in the solid state. In

Chapter II the nature of axial shift disorder in PBZT will be

studied with both imaging and scattering experiments.

Figure 2.3a shows an electron diffraction pattern of
PBZT. On the same scale in Figure 2.3b is shown the square
of the function sin(X(k)). This function represents what
would be observed in an optical diffraction pattern of a
hypothetical sample with uniform scattering pdwer imaged in
the JEOL 2000 FX at the Scherzer condition. As discussed
earlier, the first zero occurs at a frequency of
ks=3'44 nm‘l, corresponding to a resolution ds of 0.29 nm.
Figure 2.3c shows the product of 2.3a'and 2.3b. Note that
the first zero in sinz(x(k)) occurs just after the second
equatoéial reflection. Also, the third order layer line is

the last meridional reflection within the band pass zone.

For comparison, Figure 2.3d and Figure 2.3e show the
corresponding amplitude of the CTF at Scherzer for a micro-
séope with Cs=0.7 mm and l=0.00164'nm, corresponding to val-
ues for a JEOL 4000 FX microscope operating at 400 kV. Note
the extra resolution expected at this higher operating volt-
age and superior Cg. Here, the first zero occurs at a

frequency corresponding to a resolution of 0.16 nm.
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The expected HREM images of PBZT at Scherzer focus
(Figure 2.2b) were calculated using the Multislice formalism
with the characteristic operating conditions listed in
Table 2.1 . The sample thickness was assumed to be 10 nm.
The simulated images show that the éetails of the molecules
such as the exact position of the hydrogen atoms and the
shape of the phenyl and heterocyclic group cannot be resolved
by HREM with a JEOL 2000 FX. ﬁevertheless, the images
confirm thatkif there is a region of the sample which
exhibits crystal}ine order agd is oriented such that densely
packed planes are parallel to the‘electroh beam, the EREM
image of this region will show a periodic moduiation‘in
intensity at a frequency corresponding to the Structural
mcdulation‘within the sample. Near the Scherzer focus, the
strong 0.59 and 0.36 nm fringes are predicted to be in
reverse contrast. This is reflected in the simulated image
as dark bands where the projected potential is highest (under

stacks of molecules}.

Figure 2.4 shows the projected goﬁential for PBZ0 using
the unit cell discussed in Chapter 4 aé well as the simulated
images at Scherzet focus. Again, the images indicate that
the sgacings between mélecuies can be easily resolved, but
the detailed structure along the chain cannot. In PBZO, the
strong Fourier components ﬁave spacings of 0.55 nm (200) and
0.33 nm (010), again corresponding to the "side-to-side" and

"face~-to-face" lateral close packing of the PBZ0 molecule.
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Figure 2.4: Projected potential and simulated images of
PBZO for a JEOL 2000 FX at Scherzer focus. As for PBZT, the
images lack high resolution detail but serve to unambiguously
reveal the local orientation of the polymer chain.
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In Figure 2.4 the PBZ0O molecules are positioned at
strictly alternating +1/4 ¢ and -1/4 ¢ axial registry between
molecules close-packed in the a direction. A reguiar axial
registry of 1/4 ¢ is consistent with localized reflections
{indexed aé (302) with a non-primitive uﬁit cell) which
éevelép on the second layer line in the PBZ0 diffraction
patttern. More details about the type and extent of regﬁlar

axial registry in PBZ0 will be presented in Chapter IV.

In summafyir we find that while it is not possible to
obtain information aﬁout the internal details of PB2ZT and
PBZ0O molecules, i£ is possible to image the regular packing
between these molecules. Equatorial fringes with spacings of
approximately 0.55 nm and 0.35 nm show regions of good
lateral packing, and therefore serve to precisely
cﬁéracterize the local molecular orientation. 1Images of the
1.2 nm meridional fringes are indicative of axial registry
between neighboring chains. The extent, perfection, and
contrastkof the fringes experimentally observed will be

sensitive to the specific details of local molecular

organization.

These images were simulated using an infinite incident
beam dose. In HREM of beam sensitive materials the dose
required to form the image is an important constraint on the

experiment. The effect of limited dose is to cause a local
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fluctuation in the experimentally observed intensity. The
effect of limited dose on imaées can be assessed by electron
counting statistics. The parameter indicative of the
expected image quality of an object of size d is Q, the num-
ber of electrons incident in an area of dz. Q is determined
simply from J, the total electron dose, and d, the size of

the object, by:

(2.16)
This relation emphasizés that for uniform incident radiation
the quality of the data (determined by Q) will be dependent
on the size of the object of interest d. For beam sensitive
materials, there is a 1imiting amount of radiation which the
sample can withstand called the total end point dose (TEPD)

Je‘ The best expected image quality for an object of_size dl

in a material with TEPD=Je is given by Q = Je dlz. The

standard deviation in the intensity of an object illuminated

1/2

with Q electrons is given by Q , hence the‘relative error

@ associated with incident electron statistics of Q is given
by:

Q1/2 -1/2

/Q = Q
(2.17)

2

For PBZT at 200 kvV, J§=2;3 C/cm® (144,000 electrons/nmz) and

d100=0.59 nm. This gives the best estimate of Q=50,000,

corresponding to an error e of 0.4%. For PE at 200 kv,
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2

Js=§.015 C/cm™ (900 electronsfnmz} and dlia=0.4i nm, hence

the maximum value of Q=150, and the expected error e is 8%.

It is possible to simulate the effects of limited dcse
on BREM images with commercially available routines in‘sofi-‘
ware packages sﬁch as SEMPER (Synoptics, 1989). These rou-
tines use simulate dose limited images by using the image as
a probability map for incident eiectrons. Pradere and Thomas
{1989} have used such an approach to investigate thek’

" predictions of limited dose on theoretical and filtered
images and find results which appear very similar to experi-
mentally obtained low dose HREM images. ‘This supports the
contention that sampling statistics play an important role in

practical HREM of beam sensitive materials.

The effect of limited dose on HREM images of PBZO is
presented in Figure 2.5. 1Images are shown for the J=0.1,

2 {50,000 electronsfnmz}

0.25, and 1.0 Je’ where J;=S.8fC/cm
for PBZO at 200 kV (Chapter IV). Since the primary spacing
in this image is dzan=8.55 nm, these images correspond to
Q=1500, 3750, and 15000, with relati?e errors of e=2.3%,
1.6%, and 0.8%. It is apparent that while the pésitions of
the fringe maxima can be interpreted with ccnfidence; the
detailed nature of localvintensity variation is lost, par-

ticularly at the lowest doses. In practice, it is necessary

to restrict images to doses of no more than Je/3 in order to
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Figure 2.5: Effect of limited electron dose on HREM
images of PB20. As the amount of dose increase, the
statistics improve and the apparent "noisiness” decreases.
The amount of electrons which pass through a given area of
the sample provides a useful measure for assessing the image
quality of a dose-limited object.
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avoid using electrons scattered from partially damaged

crystals.

C. HREM of polymers
1. History of Polymer HREM

The first puﬁlished image with lattice resolution of a
polymer was a two-beam Dé image of the 1.8 nm (10.0) spacin§
in beta-PPX by Bassett and Keller in 1968. Although the
image is noisy and the contrast is low, the 1.8 nm spacings
can be clearly seen over an area approximately 25 x 75 nm.
The lattice is straight and apparently free of defects over
the area imaged, although thé quality and limited extent of

the image makes a detailed interpretation difficult.

In 1975 the 0.64 nm (002) meridional and 0.43 nm (110)
equatorial reflections of PPTA fiber were succeésfully imaged
in B?‘by Dobb, Hindeleh, Johnson, and Saville. Thése
pioneering results showed clearly the intermolecular spacings
corresponding to lateral packing and intermolecular registry
between PPTA molecules. The appearance of high éontrastf
straight meridional (002) fringes indicates true three-
dimensional crystallinity in this system and confirms the
extended-chain structure. Although the general features of

the images are consistent with the psuedo-orthorhombic unit
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cell for PPTA proposed by Northolt (1974), close e#amination
of the data indicates regions where the (002) and (110)
fringes coexist.and make a relative angle of 85 degrees,
which conflicts with the proposed unit cell angles of a =P =

90 degrees.

The size and shape of crystalline domains in PPTA as
well as their relative orientation could be discerned and
were cbmpared with those determined by X-ray diffraction line
broadening studies (Bennett, Dobb, Johnson, Murray, and
Saville, 1975). It was noted that HREM results gave crys-
tallite sizes that were consistent with but slightly larger
than those determined by WAXS and SAED. The crystalliteslr
were.small (8.6-22.5 nm) and typically free of internal
defects, although some regions of more disordered lattices
including curved (002) planes were seen. These results were
used to rationalize the high tensile strength and relatively
weak shear modulus and compressive strength of these fibers
in terms of a possible delamination between the relatively
weakly laterally bonded, highly oriented PPTA molecules

(bobb, Johnson, and Saville, 1979).

Read and Young (1981) obtained HREM images of large
plate-like crystals of pdly(diacetylene). Evidence was shown
for edge dislocations involving Burger's vectors
perpendicular to the chain axis. Yeung and Young (1985) were

able to obtain HREM images of polydiacetylenes corresponding
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to projections of individual polymer molecules along their

chain axis.

Tsuji (1981) obtained HREM images of both the alpha
(monoclinic) and beta (hexagonal) polymorphs of PPX, and was
able to visualize directly down individual chains in a flex-
iblé chain-folded single crystal. Again, evidence was shown
for dislocations with Burger's vector perpendicular to the

chain axis.

Fryer has studied lew;dsse HREM of crystals of several
low molar mass organic molecules including paraffins (1982)
and monolayer Langmuir—slngett films of pthalocyanines
(1985). It has been possible to characterize the structure
of grain boundaries between pthalocyanine domainsraaé to
study thé high cencéntration of defects and misorientation in
the thin monolayer films. Fryer and Dorset (1987) havé
investigated the structure of certain lipid sYstemS exhibit-
ing a }ameliarltexture and hake imaged crystal bonnééries and
edges as well as local fluctuétioss of the lamellar ori- |

entation.

Durst and Voight-Martin (1986, 1989) have investigated
the structure of main and side—chain thermotropic smectic
liquid crystalline polymers by HREM. They have found defect
structures including‘eégé‘dislocaticns‘of different magnitude

Burgers vectors. More recently, they have also investigateq
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discotic liquid crystalline polymers and have obtained
projections of the ordered packing of stacks of disk-shaped

mesogens (1989).

The PBZT lattice was first imaged by Shimamura, Minter,
and Thomas (1983). Evidence for the (100) lateral packing
and faint, meandering (001) lines were shown. Lattice images
in PBZO have been obtained by Adams et al. (1989) and show
similar evidence forvgood lateral ordering. More detailed
comments and critcism about these results will be presented

in Chapters III and IV.

Encouraged by these initial successes, more effort has
been expended in attempting»HREM of polymer ultrastructures.
With advances in instrument stability and control, sample
preparation techniques, and increased sophistication in image
analysis and simulation capabilities, it has now been
possible‘to obtain HREM information in an ever-growing number
of polymer systems. A current summary of HREM investigations

of polymer microstructures is presented in Table 2.2.

As discussed earlier, the characteristic of a beam sen-
sitive sample which is most important in determining the
possible success of HREM imaging is the total end point dose
(TEPD) Je, the incident electron dose required to destrof
most of the crystalline order within the sample. The

measurement of Jg can be done by measuring several quantities
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Polymer

PPX

PPTA

PDCH .

{SN}x

PE

iso-PS

syn—PS
PBZT
PBZ0O

PTIFE
PPCG

Cellulose

PPV

Table 2.2

HREM Images of Crystalline Polymers

hkl d

J KV  Mag Year Group
n%kl C/cm2 kX'
10.0 1.8 100 1968 Bassett & Keller
44.0 0.26 0.4 500 100 1982 Tsuji et al.
84.0 0.18 1588 Pradere & Thomas
002 0.64 100 1975 Dobb et al.
110 0.43 0.4 200 = 1984 Katayama et al.
010 1.2 '~ 100 100 1981 Read and Young
0.9 20 100 100 1984 Read and Young
210 0.6 20 200 100 1985 Yeung and Young
100 0.39 0.75 200 100 1984 Kawaguchi et al.
110 0.29
110 0.41 0.24 100 300 1984 Giorgio & Kern
‘ 0.37 1986 Revol & Manley
110 0.41 1987 Chanzy et al.
1.10 120~ 1985 Tsuji et al.
0.63 0.03 200 41 1985 Tsuji et al.
330 0.44 0.02 200 41 1988 Pradere and Thomas
001 1.24 1.6 100 100 1985 Shimamura et al.
100 0.59 200 100 1986 Boudet et al.
010 0.36 ’ v
003 0.41 2.3 200 130 1988 Martin and Thomas
001 1.2 0.2 200 100 1989 Adams et al.
200 0.55 0.8 200 100 1989 Martin and Thomas
010 0.33 ; ‘
100 0.49 100 46 1985 Chanzy et al.
100 1.3 100 1985 Zhou et al.
220 0.54 200 1984 Sugiyama et al.
040 0.39 120 36 1985 Revol g
0.4 120 25 1987 Kuga and Brown
1100 0.43 0.1 200 100 1988 Masse et al.
001 0.62 , ' -
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Polymer

PPS

TLCP's

TLCP's

Table 2.2 (cont.)

HREM Images of Crystalline Polymers

hkl dhkl J 2kV Mag Year Group

nm - C/cm kX
110 0.47 0.2 200 100 1988 Uemura et al.
200 0.43
2.6 - 1986 Durst and
3.6 1989 Voight-Martin
2.9 1987 Martin et al.
0.6
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including mass loss, diffraction behavior, or spectroscopic
changes. Most often, Jg is characterized by observing the
decay in intensity of sharp reflections in the SAED pattern

of the originally crystalline material.

A related quantity which is also used to measure beam
damage is the critical end point dose Jg, which is obtained
by a fit of the intensity of a Bragg reflection as a function

of dose to an exponential decay function:

I = Ig exp (-3/3c) + Ip
‘ 1 (2.18)
Either Jg or Jg is anAadequate measure of thé
sensitivity of a sample for HREM imaging. Kumar, Krause, and
Adams (1985) have found a rough correlation between Je and

the melting (or degradation) temperature Tm of the polymer.

For successful HREM of beam sensitive materials it is
important to illuminate with as few electrons as possible‘fo
avoid imaging damaged material. Also, i£ is useful if
samples with large characteristic periodicities can be'feuﬁd.
As shown previously, the expected image quality is Q=J dz,

where d is the size of the feature of interest.
HREM studies of polymer microstructures have provided
several new and important insights for solid state polymer

physics. It has been established that as for low molecular
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weight solids, polymer crystals contain classicél lattice
defects such as dislocations and grain boundaries. The size,
shape, relative orientation, and internal perfection of
certain polymer crystals has now been determined. 1In
Chapter V we will present HREM obser&ations of rigid-rod
polymers which have undergone piastic deformation in-com—
pression, giving insight into the molecular origins of
deformation processes and confirming that covalent bond
bending in rigid-rod macromolecules is possible at room tem-
perature. As the quality and amount of information of this
type increases, we may expect to see further development of
theoretical models to help explain these observations. With
experimental images of actual defect structures in hand, it
will be encouraging to explore in more detail the role such

defects play in determining material properties.

2. HREM and Dark Field Imaging

As we discussed in the previous sections, HREM lattice
"fringes" can be interpreted in terms of projections of reg-
ular molecular packing within the sample. However, it is
possible to use DF imaging to provide much the same sort of
information by forming an image with only certain parts 6f
the scattered radiation. 1In general, HREM and DF are com-
plementary techngiues and therefore should be both be used to

answer local microstructural questions.
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One of the‘primary ad?antaQES of HREM is that of the
electron dose necessary to form the micrograph. In DF only
that part of the radiation scattered into the aperture is
used to form an image. Therefore, for the same optical den-
sity from a single crystal region on the final negative, DF
will always require much more raéiétion. This means that DF
will typically héve to be performed at lower magnifications,
and therefare will give péorer resolution. Accordingly, HREM
is a fine detail technique, giving information about

""pltra"structure of the material at‘or below the molecular
level. DF is more of a "micro“structure technique, and is
relevant for determining crystal size and shape and general
orientation, but is not as sensitive to the possible disorder
within these cryétals or to small angle boundaries between

adjacent crystals.

A second advantage is the fact that one HREM image of a
sample contains informéticn about all of the relative orien-
iatians of observabie fringes simultanecus}.yf in SF;'small
relative orientations cannot be easily resolveérby a finite
size aperture. Likewise, it is not simple to resolve small
relative variations in latticeks§acing by DF. The selectiv-
ity for orientation and spacing in DF becomes bette# with
smaller apertures, but\with very small apertures high fre-
guency infcrmaticn such as detailed crystal shapes is lost.

With optical bench filtering techniques it is possible to use
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selective apertures to reconstruct images using only certain
reflections (Tomita, et al., 1985). In this way, the HREM
image serves as a template for subsequent énalysis by

"optical DF imaging™ with the laser beam.

However, HREM is not without its disadvantages. In HREM
imaging, there is an effective aperture function which acts
to damp the response of high frequency beams contributing to
image. Hence, it is not possible to use HREM to provide
information using these higher order reflections since they
will not be resolved in the final image. Also, because HREM
images are formed with the low angle unscattered, forward
scattered, and inelastically scattered electrons, there is a
large DC level signal which reduces the image contrast. In
DF, only those beams which scatter into the aperture are used
to form the image so that the DC level is zero and therefore
the final contrast in much higher. Another drawback of HREM
is that it is time-consuming and experimentally demanding,
and therefore an often unsuccessful technique. It requires
careful sample preparation, microscope operation, and
operator patiencé. Also( because of the problems of beam

damage, it cannot be applied with success to all systems.
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3. Experimental Details
a. Sample Preparation

In this study the mateiials of interest were high per-
formance fibers of PBZO and PBZT. The sample preparation
procedure used was typically "detachment replication“.;kThis
technigue has been uéed with success in the pastkto prepare
thin sections of high performénce fibers {Shimamuéa, 1983;

Krause et al., 1988). The following outlines in detail this
| method of sample preparation. This app:oach should be useful

for samples with a relatively weak lateral strength.

A solution of collodion in ether (obtained fro& Ted
Pella, Inc.) is spread onto a glass élide. After exposure to
air, solvent evaporates making a tacky substrate. vNext, the
fiber samples are placed on the collodion. Before placing
them in collodion the fibers may be lightly scraped with a
razor blade to assist in subsequent fibriliaticn. Scraping
should in general be avoided because of the possibility of
introducing mechanical damage. Scraping was usually not
necessary for the PBZO and PBZT fibers investigated in this

study.

The samples are allowed to dry for at least 24 hours in
a open petri dish covered with a filter paper, during which

time the collodion hardens as the solvent completely evapo-
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rates. The fibers are removed from the collodion by lifting
with tweezers and the sample is examined in a stereo micro-
scope. With close inspection it is possible to see regions
of faint color in the collodion from thin fragments of fiber
léft behind. Areas of interest are sectioned from the col-

lodion using a razor blade.

The squares of collodion containing thin pieces of fiber
are placed face down on previously prepared holey carbon
grids supported on a metal screen in a petri dish. Amyl
. acetate is then Slowly poured into thé petri dish until it
just wets the holey carbon grids. The dish is placed aside
where it will not be bumped and the collodion is allowed to

dissolve in the amyl acetate for at least 24 hours.

- After dissolution the screen with the grids is lifted
from the amyl acetate. Some of the fiber samples are now
suspended directly over the holes in the holey grid. An
additional thin coating of carbon may be used to stabilize
the sample and possibly increase radiation resistance (Fryer,
1985), but this overlayer may obscure features in ﬁREM. In

this work carbon coating was not used.
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b. Instrument Operation: Low Dose HREM

The primary instrument used in this study was é JEOL
2000 FX Transmission Electron Microscope operating at 200 kV.
The microscope is equipped with a high-resolution objective
zegs pole piece {spherical aberration coefficient Cs=2‘3 mm},
and has a Minimum Dose System (MDS) that allows the operating
conditions of the microscope to be changed quicle’dﬁring
operation. Also, a beém bianking device was installed which
could be used to manually deflect the beam away from the

sample at the condenseé lens level in the column.

HREM operation requires careful alignment and astigma-
tion corrections (Saxton et al,1%83). It has been noted by
Spence (1980) that the astigmatism of the objective lens
depends critically on the exact position of the objective
lens aperture if cné is used. 1In the HREM studies reported

here no objective aperture was used.

The procedure used for low dose imaging of a sample was
as follows: First, the microscope was carefully aligned ané‘
stig&ateé using high magnificatidn (250kX or more) of the
grain of a carbon film on a Gatan video screen using an image
intensifier system. Then, the conditions appropriate’fer
imaging were selected. Typically, imaging was done at a
screen current of 10 pafcmz and an exposure time of 6.5-

1.0 secs. For PBZ0O, a magnification of 100,000-170,000 could
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be used. This corresponds to a sample exposure of 0.05-0.3
C/sz, well below the measured Je of 0.8 C/cm2 for the PBZO
(200) equatorial reflection. As mentioned earlier, it is
important to restrict exposure to less than J§/3 to avoid4
imaging the damaged lattice. Eor PBZT, the higher radiation

resistance (2.3 C/cm2

for the (100) equatorial) meant that
images at magnifications as high as 250,000 (sample dose of

0.6-1.2 C/cm2) could be obtained.

Figure 2.6 shows a schematic of the imaging conditions
used during low dose HREM observation (Pradere, 1989).
First, the operating conditions were prepared for the final
photograph including astigmation’and beam alignment (voltage
centering). Typically, this would involve an intermediate
setting of the first condenser lens (spot size 4) with a
screen current of 5 pA/cm2 and exposure time of 1 second.
This exposure would result in an average optical density of
0.5 on Kodak SO-163 film deQeloped for 12 minutes in straight
D—-19. For a magnificatidn of 130,000 this corresponds to a
dose fate of 0.08 C/cmz/sec at the sample. Then, the MDS
system was initiated causing these lens conditions to be
recorded as PHOTO mode. Next, the system was switched to
SEARCH mode and the microscope placed in diffréction
conditions. The condenser lens_was adjusted to reduce the
 beam flux (spot size 6) causing a large decrease in the
intensity (ﬁwo orders of magnitudej. Defocusing the

diffraction pattern provided sufficient contrast in the (000)
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beam for this to low magnification BF image be used to search
the sample for an appropriate area for HREM imaging. The
magnification of this image can be controlled with the
diffraction focus, and it is a simple matter to check for
proper sample thickness and orientation by focusing back to
the diffraction pattern. Once a suitable place was found,
the beam was translated to an adjacent region for focusing.
The microscope was then switched to FOCUS mode and the IMAGE

SKIFT controls were used to move the béam back to the center

of the screen.

With practice and at high operating magnification (100-
250 kX), it was possible to focus on an area adjacent to the
sample at the same magnification as originally set in PHOTO
mode. This is not possible at lower magnifications, in which
case it is important to calibrate any possible shift in focus
which occurs after a magnification change between FOCUS and
PHOTO modes. Scherzer focus was obtained by defocusing a
known number (16) of fine pbjective lens clicks (4 nm/step)
from the minimum contrast which occurs at the Gaussian focus.
‘This position of minimum contrast occurs at 0.3 Sch
(0. L. Krivanek, 1989), where Sch is the Scherzer focus. For
a JEOL 2000 FX, the Scherzer focus is -91 nm and the Gaussian
focus is -27 nm. At high magnification, Scherzer can be seen

as a local maximum in the contrast variation of a beam stable

amorphous film.
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After;fccﬁsing, the beam blanking device was turned on
and the sample stage mechanism gi&en 5 minutes to relax,
damping out residual mechanical drift. Finally, the PHOTO
button was pressed using a second beam blanking time of 10
seconds to avoid vibrations from the motion of the phospho-
rous screen and advancing film. After exposure, é secénd
image was typically taken of the same region with somewhat
longer exposure‘fcr:better determination cf the sample posi-

tion as well as for defocus and sample thickness calibration.

HREM imaging of fibrous materials such as those used in
this study provide is more complicated than for polymer films
or of single crystals supported on a carbon substrate. The
problem is that a suitable area for focusing must be found
every time a new region of the sampié is imaged. This means
that the FOCUS conditions must be adjusted evéry time an
image is taken. Further, it is important to focus on an area
as near as possible to the region of interest because of the
possible non-planarity of the sample over large distances.
Durst and Voight-Martin use a sprinkling‘of carbon parﬁicles
tc‘assist in proper focusing of the microscope (1988, private
communication), but this technique met with limited success
in our case since the particles did not adhere well to the

fibrous samples.

One of the more insidious problems encountered during

this study was the effect of sample drift. A drift of more
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than 0.2 nm during the exposure could easily ruin a micro-
graph. The obscuring effect of drift is shown via the simu-
lations in Figure 2.7 which predict the effect of uniform
drift on an HREM image of PBZO. Image features due to drift
can easily be distinguished from actual features character-
istic of sample structure by examination of the optical
diffraction pattern of the HREM image. Samples which have
drifted during exposure show a loss in the intensity of the
sinz(x(k)) defocus rings at higher frequencies in the direc-
tion of drift. The amount of drift can be estimated from the

width of the intensity attenuation.

c. Sample Thickness Determination

An importanﬁ parameter in interpreting HREM images is
the sample thickness. An estimate of the thickneés is nec-
essary to determine whether features which are observed to be
close to each other in projection are actually close together
in the film, or perhaps arise from regions as far apart as
the top or bottom of the film. As the sample thickness
increases, the likelihood of feature superposition becomes

large and the images become uninterpretable.

It is possible to estimate the thickness of a sample-
made of organic material by mass thickness contrast (Misell

and Burdett, 1977). 1In mass thickness contrast, the trans-
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mitted electron intensity I is related to the incident elec-

tron intensity Io by the relationship

I/Iia = ;'xP(-sp p t) |
(2.19)

where SP is the effectiye mass thickness cross section, p’is
the density, and t is the thickness. The éffective mass
thickness cross section sp describes the amount éf scattering
outside of the field limiting aperture and depends only on
the size of the agerturezh1 and the operating vcitage Eo.

8_ for a given 11 and Eo may be determined by measuring I

P
and Io for a sample of known t and p;

It should be noted that this rélationship is valid only
for a nearly focused cbjective lens. Thié is because at zero
focus there is no phase contrast for large objects (T in
equation 2.4 goes to 0 for small k). Experimentally, we
found that for a focus range of +/- 4000 nm nea£ Scherzer
focus the ratio of transmitted beam intensity at a sample to
that of vacuum varied by only 5% (Figure 2.8) This is well
within the range §f focusing used in typical HREM imaging
(typically less than +/- 400 nm) . However, it should be
noted that significént errors (25% or more) can cccﬁ? for

highly defocused images.
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Figure 2.8: Beam intensity of a holey carbon film
compared to vacuum as a function of objective lens defocus.
For defocus ranges near zero the intensity difference between
sample and vacuum varies by only 5%. For larger defocus the
error can be more than 25%.
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The Sp values for the JEOL 2000 FX were determined by
using calibrated polystyrene spheres of diameter 108 nm on a
thin {(approximately 10 nm} polystyrene support film. The
photographic film used was Kodak S0-163, developed in
straight D-19 for 12 minutes at roem temperature., Optical
densities were measured using a plate microdeneitometer cal-

ibrated with an optical density step wedge.

Table 2.3 lists the effective mass thickness cross sec-
tions for different objective apertures in tﬁe JEOL 2000 FX
using 200 kV electrons. From this caiibratien’the thickness
of an unknown sample may be determined byicompazing*the
optical density of the sample to that of a hole. Using p=1.6
gmfem3, the density of PéZT, ie is seen that under these
imaging conditions it would require 240 nm of PBZT to cause a

factor of 2 (100%) decrease in the optical density.

The optical density of a typical substrate free sample
on an HREM image is only 7% less than the neighboring vacuum
using neyebéective aperature. This corresponds to a sample

thickness of 24 nm.

d. Photographic Details

The images obtained in this work typically involved

spacings from 0.35 nm to 1.25 nm obtained at magnifications
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Table 2.3
Mass Thickness Cross Sections for a

JEOL 2000 FX Transmission Electron Microscope at 200 kV

Aperture _ Sp
Diameter (nm-1) v
2
m /mg
column bore 0.0018
(HREM conditions)
6.1 0.0020
4.3 0.0024

2.6 0.0031




from 80 kX to 250 kX. This corresponds to distances on the
film frcm 25 to 300 microns. An optical density on the neg-
ative of 0.5-1.0 was typically uséd; For Kodak S0-163 elec-
tron image film, it was experimentally determined that an
optical density of 1.0 required an illumination dose of 10

pC!cmZ.

Because of the small size of féatﬁres on low dose
micrographs, it Qas not simple to examine the negatives
directly and see “fringes“. Even with a 1gx eyepiece, it is
a difficult matter to see fringes on low dose micrcgraphs.
For assessing whether an HREM negative has frinées or not, it
is quickest and easiest to examine the negétive by laser

light scattering on an optical bench.

e. Optical Bench

The optical bench provides a quick and simple way of
analyzing micrograyhs by light scattering techniques. Illu-
mination of the negative with é laser beam enables the- scat-
'~ tering pattern of the image to be obtained. Essentially,
this technique is a quick and easy way to take a Fourier
transform a local area of the micrograph. The optical
transform can be calibrated by using a miércgraph of an
object with a known d-spacing. A convenient sample for this

purpose is the 0.34 nm reflection of turbostratic graphite.
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Once an area of interest Qas located on a negative, the
optical diffraction pattern was recorded on T-55 Polaroid
film. Enlargement of the interesting area was performed us-
ing a standard film enlarger, typicaily with a 50 mm lens.
Large f-stops (f22) were used in order to have the best pos-
sible depth of focus. This might involve an exposure time on
the print paper of up to 5 minutes or more. Precise focusing
of the enlarger was accomplished with a high-quality
periscope device which enabled focusing directly on the film

grain.

| Often, the capabilities of ﬁhe enlarger (maximum of 20x)
were insufficient or a microdensitometer scan of the image
was desired. 1In these cases, an intermediate negative was
used to provide a magnified negative image suitable for
further enlargement or for scanning on the densitometer. The
intermediate negative was prepared using Kodak S0-163
electron image film. Careful focusiné using a large f-stop

was again critical to insure a high quality intermediate.

f. Microdensitometry

An Optronics P-1000 Photoscan drum scan micro-
densitometer was used to provide optical density information

as a function of position for both images and diffraction
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patterns., The instrument has séan sizes from 25 tc4100
microns. A 25 micron resolution corres§cads to 0.25 nm on a
micrograph taken at 1OGkX.‘~Hence, it is not possible to scéﬁ
low magnification HEREM negativeé directly for 3§e in digital

analysis.

The output of the densitometer is an 8 bit accuracy
integer array of numbers on 800 bpi maghetic tape ranging in
éalae_frem 0 to 255. These numbers correspond to the optical
density of the film. The densitometer was calibrated using
an optical density step wedge. ﬁt was found that the
relationship between optical density énd bit number in the

digitized image was very nearly linear:

OD = (B + 10)/135
(2.20)

where OD is the optical density (0-2) and B is an integer in

the range 0-255.

D. Summary

We have discussed in detail the physics of HREM image
formation and have shown what is to be expected when imaging
the rigid-rod polymers PBZT and PB20. We found that while

the specific details corresponding to intramolecular struc-
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ture could not be faithfully interpreted, it was possible to
associate regions of well-defined periodic fringes as arising
froﬁ well-ordered areas of molecular packing in the sample.
For rigid polymers, equatorial fringes correspond to a direct
mapping of the local molecular orientation. Axial registry
between molecules should be visible as fringes more or less
perpendicular t§ the fiber axis, depending on the registry
between molecules. The perfection, extent, and contrast of

these fringes will depend on the local molecular order.

in addition, we have described practical information
which should be helpful for those wishing to attempt low dose
HREM on systems of their own interest. Such studies have
only Jjust begun, but already new information about the
details of 'solid state polymer architecture has been
obtained. Similar success is no doubt possible for other

interesting systems.
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CHAPTER III: AXIAL SHIFT DISORDER OF PBZT IN THE SOLID STATE

This chapter examines the details of axial shift disor-
der in heat treated trans-PB2T fiber, utilizing SAED énﬁ HREM
imaging to precisely determine the type and amount of
disorder. HREM data has enabled quantification of the
detailed size, shape, and mutual orientation of éBZT
crystallites. Also, we will show images which illustrate
clearly the fluctuating nature of the intermolecular packing
of PBZT molecules in real space. This data confirms that a
structural model involving local, large amounts of axial

disorder with good lateral order is appropriate for PBZT.

The HREM images suggest models for grain boundaries
between PBIT crystalli;es. A4more detaiiéé discussion of the
structure and energeticé of grain boundaries in rigid-rod
polymers is presented in Chapter VI, where we will discuss
the implications of such grain boundaries in controlling

properties of PBZT and PBZ0O fibers.

Scattering provides a Better‘means of determining avér-
age structa#e because’it can sample a large volume of
material, whereas imaging provides specific information about
the particular types of defects present. The direct obser-
vation of significant, local axial shift disorder by imaging
provides an impetus for a detailed study of models of the

PBZT unit cell using various types and amounts of structural
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defects to simulate the observed scattering pattern. It will
be shown that a structural model consistent with experimental
scattering data for heat-treated trans-PBZT is one involving
a triclinic unit cell and a high (80%) probability of
complete axial misregistry between neighboring PBZT

molecules.

A. Introduction
1. Previous Work

Welsh, Bhaumik and Mark (1978, 1981) calculated the

intermolecular interactions between PBZT monomers by an
empirical molecular mechanics method. The molecular geometry
and partial charges on each atom were determined for the
trans-PBZT monomer by the CNDO/2 method. The intermolecular
interaction energy was estimated by taking the first chain as
one repeat unit long and varying the léngth of the other
until consistent results were obtained. It was found that
four neighbofing units were réquired for this purpose. The
lateral "face-to-face" interaction energies were found to be
—29.4 kcal/mole of monomer repeat unit. This energy is well
above the thermal energy at room temperature (0.6 kcal/mole)
and approaches'that of typical covalent bond dissociation
energies (100 kcal/mole). A minimum in energy was found for

a relative translation along the chain axis of 0.15 nm for
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,chainé close-packed face-to-face at 0.37 nm, and at a rela-
tive transiation of 0.1 nm along the chain axis for chain
close-packed side-to-siderat 0,51 nm {Bhaumik, Weish,vJaffe,
and Mark, 1981). They also explored changes in the |
interaction energy as one PBZT monomer unit was translated
with respect to another, although the energy sn:face is
relatively flat (3 kcal/mole; 5 kT). The intermolecular
energies determined for face?tc—face and side-to-side packing
both show at least five local minima (W. Welsh, 1989, private ’

communication).

A more detailed understanding of the subtleties of chain
gackigg behavior is not warranted by these results, which
were referred to by the authors as “very approximate".
Besides the obvious problems with limited chain size, the
pcssiblé importance of different relative internal conforma-
tions possible between neighboring PBZT polymers was not
investigated. As discusseé in Chapter I, the rotation of the
heterocyclic group aboutkthe backbone changes the symmetry of
the repeat uﬁit and therefore affects the iﬁteractions
between neighboring'molecaies. The inte?aétion enerqgy
between PBIT moleculés might be significantly affected by the
specific positions of the nitrogen'cr sulfur atoms on |

neighboring chains (W. Welsh, 1989, private communication).

The structure of as-spun PBZT was first investigated by

WAXS by Adams, Azaroff, and Kulshreshtha (1980). It was
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found that the WAXS patterns exhibited broad equatorial
reflections, streaks on the meridion along the fiber axis
("layer lines"), and a notable absence of other discrete
(hkl) reflections. These results suggested a structural
model in which there was a "frozen nematic" arrangement of
rigid PB2T molecules. The intensity of the equatorial
reflections was rationalized in terms of Bessel functions
arising from a limited number of close-packed cylindrically

symmetric molecules.

Roche, Takahashi, and Thomas (1980) investigated the
structure of as-spun PBZT‘with SAED. The PBZT used was pre-
pared from 9.85 weigh; % solution into MSA and coagulated in
50/50 methanol/sulfolane. The intrinsic viscosity of the
PBZT was'notvreported. Again, the scattering patterns
exhibited sharp equatorial reflections and diffuse scattering
on layer lines, indicating a largé amount of shift disorder
between molecules. Thgy found that the equatorial scéttering
could be fit well with a monoclinic unit cell (a=0.583 nm,
b=0.354 nm, c=1.25 nm, a=90, B=90,‘7=96 degrees) . This unit
cell explainé the primary equatorial reflections.in terms of
the (100) and (010) planes, corresponding to "side-to-side"
and "face-to-face" packings of PBZT molecules. The high
amount of shift disorder did not make it possible to draw

further conclusions about axial registry between adjacent

chains.
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DF images of the PBZIT fiber showed discrete regions of

coherent diffracting “crysta;lites“ on the order of é nm to

15 nm in diameter (Roche et al., 1980). It was also observed
~ that the fibers exhibited a banded structure with a
‘§erio§icit§ of 100 nm to 200 nm. However, it was mentioned
that such features may have been due to the tendency of the
fiber to kink during the 3lt:asonication step used in sample
preparation. Similar features have not been seen in more
recent studies of PBZT morphology (Minter et al, 1981; Martin'
1989), therefore it appears the sonication used by Roche et
al. to disperse the fibers did indeed causé the cbsérveé
banded structure. Neverthe}.essr the observation of
coherently éifffacting regions within kinks‘was the first
observation that crystallinity was maintained during kinking
of rigid-rod polymer fibers. The morphology of kinkiag in

PBZT and PBZO will be studied in more detail in Chapter V.

‘The effect of heat treatment on PBZT ribbons was §t§died
by Minter, Shimamura, and Thomas {1%81) with WAXS, SAXS, -
SAED, and DF. The PBZT used was of intrinsic viscosity lé-v
18 dl/gm and was formed into fibbons by extruding 12'weig§t %
solution in MSA through a rectangular die into a xsg-water
coagulation bath followed by a water wash. PBZT was found to
be relatively resistant to electron iiradiaticn, with a
critical dose for fading of the equatorial refieciions of 1.6
C;’cm2 at 100kV and room temperature. DF imaging using the

equatorial reflections indicated an increase of lateral
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crystallite size from about 2 nm for as-spun film to 15 nm
for film heat treated under tension at 475 C for 32 seconds.
It was also observed that after heat treatment the equatorial
reflections sharpened, while the molecular orientation

remained essentially unchanged.

Odell, Keller, Atkins, and Miles (1981) investigated
PBZT structure with WAXS and SAED. The PBZT used had an
intrinsic viscosity of 16 dl/gm. Odell et al. used tapes
prepared by orienting a nematic solution by shear followed by .
- coagulation. These investigators suggested the use of a non-
primitive monoclinic unit cell (a=1.196 nm, b=0.325 nm,
¥Y=100.9 degrees) or a primitive unit cell with (a=0.655,
b=0.356, ¥=116 degrees). The non-primitive cell provided a
vmeans of explaining the occurrence of a weak diffraction peak
at 1.15 nm, a distance twice that of (100) spacing in the
primitive cell., This 1.15 nm peak was often seen within a
streak oh the equator and therefore it was suggested that it
could be due to non-Bragg. scattering from a limited lattice
effect. Odell et al. (1981) also calculated the expected
scattering intensity on layer lines and found that the
observed variation in intensity on the layer lines could be
}rationalized in terms of the molecular transform; hence the
structure could be considered as two-dimensionally crys-

talline with virtually complete axial disorder between

molecules.
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Minter also investigated the théoreticaily predicted
scattering in thé PBZT molecular transform (1982) using
coordinates determined from the bond angles, lengths, and
rotation angles found én model compounds by Wellman et al.
(1981). Here, it was also found that the predicted
scattering on upper layer lines was consistent with the
mciecular transform calculations, suggesting that complete
axial missegistry was a reasonable @odel for the PBZT

structure.

Allen (1983) correlated crystalzéie size and heat
treatment in PBZT fibers by examining the width of WAXS
equatorial reflections. The PBZT fiber used was spun from 10
weight % solution in MSA and had an intrinsic viscosity of |
19 dl/gm. The fibers were heat treated under tension at
430 C and 600 C. It was observed that the exteht of late:al
order increased with increasing heat treatment temperature,
with the apparent crystallite size in¢reasing‘from 3 nm for
as-spun to 9 nm and 12 nm for the 430 C and 600 C heat
treatments, respectively. Indications were also seen for the
1.2 equatorial reflection originally observed by Odell et al.
(1981). Allen also observed a weak modulation of intgnsity
on the second oréer<1a§er line and postulated this as arising
from a {;OZ) reflection from a larger, ncn-grimitive ﬁnit
cell. The placement of the second PBZT chain within this
extended unit cell was not discussed. It was not possible to

show even reasonable agreement of this variation in intensity
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on the second layer line with the molecular transform

calculations by Minter (1982).

Adams and Price (as reported by Allen, 1983) also stud-
ied the increase iﬁ molecular orientation with heat treatment
by using flat-film WAXS on individual PBZT fibers. This
study showed that a significént amount (5—-10 degrees) of the
misorientation seen in WAXS studies of fiber bundles caﬁ be
simply due to misorientation resulting from the wrapping of
the fiber onto the sample holder. The azimuthal spread of
the first equatorial reflection was seen to decrease with

increasing tensile stress for fiber heat treated at 600 C.

Shimamura, Minter and Thomas obtained the first HREM
images of PBZT (1983). The PBZT used was of intrinsic vis-
cosity 31 dl/gm, spun from a 5.6% sélution in poly(phosphoric
acid) (PPA). The fibers were tension heat-treated at 475 C
for 60 seconds with a 4% stretch. The images obtained showed
0.59 nm (100) fringes roughly parallel to the fiber
corresponding to the spacing between molecules, and faint,
meandering (001) fringes corresponding to the development of
local three-dimensional crystallinity. The size of the
0.59 nm (100) fringe patches seen in HREM were about 8 nm in
the lateral direction and 15 nm in the direction of the
fiber. The (001) fringes were seen to occur in groups of 3
to 10 with limited (5 nm or less) lateral extent. The

optical transform of the micrograph indicates streaking on
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the first layer line (001) consistent with the axial disorder

between molecules..

Further interpretation of the HREM images obtained by
Shimamura et al. were frustrated by the limited resolution
(0.59 nm), which did not enable both of the strong equatorial
reflections ts’be simultaneously imaged. This limitation was
imposed by experimental constraints including tﬁe léwéz
wavelengéh electrons (100 kV), tungsten filament, and lack of
a dedicated minimum dose system. Also, the focusing
conditions used (near the Scherzer focus) didynot allow for
the contrast of the 1.24 nm (001) fringes to be properly

enhanced for clear visualization.

' Féldman, Farris, and Thomas {1985) reported WAXS data
obtained by W. Wade Adams of PBZT film as spun, hot dried at
305 C in air, and tension heat freateé at 525 C (1985). The
PBZT used was of intrinsic viscosity 14 dl/gm. Sém§les 4 to
8 mm wide and 5 to 10 microns thick were prepared by extru-
sion of a PBZT/PPA solution through a flat die into a water
bath. It was found that hot drying improved‘the lateral
ordering but did not significantly affect Orientation,
whereas tensioned heat treatment impréved the orientatian as
well as the lateral crystallite size. Also‘evident in the
‘éata but not discussed was the development of more localized
scattering intensity on the second layer line afte: heat

treatment, similar to that noted by Allen (1983).
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Cohen (1988) investigated the structure of PBZT formed
during the coagulation step. The PBZT used was of intrinsic
viscosity 18 dl/gm, coagulated from 5.5 weight % solution in
PPA into either water or 85% phosphoric acid. The coagulant
was exchanged with epoxy resin, preserving the structure.
That the structure was not disturbed by polymerization of the
epoxy resin was confirmed by SAXS scattering. BF imaging of
thin sections of the resulting PBZT-epoxy composite showed
that the morphology consisted of an interconneéted network of
highly oriented microfibrils (Cohen and Thomas, 1988a). SAXS
measurements gave an average microfibrillar diameter of
7.1 nm, and a volume fraction of 0.18 in the final film
(Cohen and Thomas, 1988b). Since the original weight
fraction of PBZT in solution was 0.055, this indicates a
slight collapse of fhe PBZT network afger the céagulation and
epoxy impregnation steps.

From WAXS diffractometer data, Fratini and coworkers are
currently conducting a refinement of the unit cell of PBZT.
From several equatorial reflections they found best fit to a
primitive unit cell with a=0.595 nm, b=0.362 nm, ¢=1.249 nm,
and 0=90, PB=90, y=95.49 degrees (Fratini and Adams, 1987,
private communication). More recent work using the Linked
Atom Least Squares (LALS) refinement procedure has shown best
fit to a non-priﬁitive uhit cell with a=1.223 nm, b=0.365 nm,

c=1.251 nm, a=90, PB=90, ¥=106.2 degrees (Fratini, Lenhert,
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Resch, and Adams, 1989). Non-primitive unit cells apparently
have three advantages (Fratini et al., 1989) : 1) different
types of axial registry between chains can be ccnsideredf.2}
close contacts between molecules can be more easily |
eliminated, and 3) the presence of weak scattering on the
equator at a scattering anglerccrresponding to an
intermolecular spacingkcf 1.15 nm is not explained4by a
primitive unit cell. The calculated density of the non-
primitive unit cell is 1.66 gms/cm3f which cgmpares with the

1.57 gms!cm3 density of PBZT observed experimentally.

The detailed refinement of the unit celi of PSZT is
complicated by the large amount of axial shift disorder pre-
sent in this system. The LALS approach is intended for
refinement of crystal structures from materials which4shcw
true three-dimensional crystaliiﬁity. In order to épply the
LALS technique to the refinement of PBZT fiber pattéras, it
is necessary to make assumptions about the position and
intensity of off-meridion “reflections® from the highly
streaked layer lines in the PBZT diffraction pattern. As the
amount of lateral shift disorder ;i.m::reaseélF a transition from
localized Bragg reflections to highly streaked layerblines is
expected. A more complete approach would be to investiéate
the expected scattering of PBIZIT over the entire‘prafile of
each layer line profile using different choices for the PBZT
unit cell and specific models for the type and amount of

axial shift disorder.
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2. Overview of this Study

With this extensive background of knowledge about the
structure of PBZT at hand, it is possible to begin to ask
detailed questions about the ultrastructure of PBZT in the
solid state. Is it possible to obtain HREM images of both of
the strong PBZT equatorial reflections? What extra insight
is obtained by such images? Can the (001) reflection be
imaged better by using proper focusing techniques? If so,
what do such these images imply about the nature of the shift
disorder which is present? Is it possible to rationalize a
particular model for the disorder present in these fibers?
Finally, given support for a disorder model, is it possible
~to use this model to predict and compare with the experimen-

tally obtained diffraction behavior of the fiber?

We have obtained HREM images of heat treated PBZT fiber
which exhibit both the 0.59 nm (100) as well as the 0.36 nm
'(010) equatorial fringes, allowing the size, shape, and local
orientation of PBZT crystalli;es to be deduced. Observation
of 0.59 nm (100) fringes meeting another crystallite
exhibiting 0.36 nm fringes provides direct evidence for an
axial twist boundary between neighboring polymer
crystallites. Such a boundary would necessarily involve both
the translation and twisting of the long PBZT.molecules as

they thread their way from one crystallite to another.
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Also, by using proper focusing conditions we have
obtained images of the 1.25 nm {001} axial fringes over large
regions of the fiber which show clearly the fluctuating
nature of intermolecular packing in this system. The optical
transform indicates that information up to the (003) 0.41 nm
reflection is included in these images.‘ Theée results
confirm the validity of considering very local, large

variations in registry between the PBZT molecules.

We examined the applicability of the paracrystalline
lattice model (Hosemann and Bagchi, 1962) to describe the
disorder present in PBZT. The major components of fluctua-
tion tensors corresponding to the locus of unit-cell edge
statistics were determined., Our analysis is patterned after
that originally presented‘by Granier, Thomas, and Karasz
(1989) for the description of the paracrystalline nature of

molecular §acking in poly(paraphenylene vinylene).

We have also examined a disorder model which involves a
statistical probability of cémplete axial misregistry between
locally ordered PBZT molecules. The predictions obtained by
this disorder model are compared with experimentally obtained
SAED data. Best fit of model to data is obtained by using a
triclinic unit cell with a high probability of encountering
complete axial misregistry between adjacent, uniformly

oriented molecules.
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B. Experimental

In this study we investigated the morphology of Aftech
II, a heat-treated PBZT fiber. Aftech II fiber was prepared
from a concentrated nematic solution (approximately 15% by
weight) of IV=22 dl/gm PBZT in PPA. The fiber was tension
heat treated at 700 C for approximately 30 seconds (W. Wade

Adams, private communication).

Both HREM and SAED were used in this work. Samples were
prepared by the "detachment replication" procedures detailed

in Chapter II.

The total end point dose Je required to cause fading of
the first equatorial reflection was determined to be
2.3 C/cm2 at 200 kV and room temperature. The sharp layer
line reflections Qere visible on the meridion for a

substantially higher dose (5.0 C/cm2), indicative of the

higher stability of bondiﬂg along the aromatic PBZT backbone.

In order to more élearly image the nature of the axial
shift disorder, an underfocused objective lens focus setting
was used to selectively enhance the 1.25 nm (001) spacing
corresponding to the repeat distance along the chain. The
phase contrast as a function of defocus for feature of a
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given size is discussed in detail in Chapter II. From equa-
tion (2.5}, we find that the maximum contrast is when the
sin ¥ term of T=+1 or -1. The sin ¥ term in equation‘E.S

is
sin {(2n/7) (af A% x%/2 + c, 24 x4/4))

For large featuresf k is small. Hence, the second term
in sin ) (with x* depen&enée} will be much smaller than the
first. 1In this case the optimum fécus for imaging a feature
of size d=1/k with phase contrast is approximately df=62f2l,
To obtain information about shift disorder along the axis of
the chain it is necessary to image the 1.25 nm (001) spacing
corresponding to the monomer repeat distance alchg the chain
backbone. The amount of underdefocus necessary to image a
feature of characteristic size d=1.25 nm with‘l=.03251 nm ié

df=311 nm.

Figure 3.1 shows the behavior of the phaée contrast
transfer function {equatidg 2.5) as a function of defcéus.
The position of the strong PBZT lattice periodicities are
indicated. Note that at Scherzer focus the 0.5% nm {100} and
0.36 nm {(010) reflections are passed strongly and in reverse
centraét. The 1.25 nm (001) reflection is not passed
strongly. At the larger underfocus of 311 nm, the expected
intensity and contrast of the (001) reflection is increased

dramatically.
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Figure 3.2 shows simulated images for a PBIZIT model
structure as a function of defocus. These images illustrate
clearly how different settings of the objective lens defocus

affect the appearance of the HREM images.

C. Results

A SAED pattern of PBZT Aftech II fiber is shown in
Figure 3.3. The diffuse layer lines along the fiber axis
signify a large amount of axial disorder between neighboring
molecules. ©On the other hand, the strong, sharp reflections
on the eguator indicate that the lateral packing between
molecules is well developed. Hence, to a first approximation

the PBZT structure is a one~dimensionally disordered solid.

Dark Field‘imaging of PBZT using the equatorial
reflections shows abbreviated, discrete crystéllites similar
to that seen by Roche et al. {1981} and Minter et al. (1983).
Tilting a PBZT fiber fragment abeut’the fiber axis during DF
examination shows that the crystallites are ranéomiy~crientedA
about the orientation direction. In particu}ar,’the
diffracting crystallites do not move up or down along the
fiber axis but come in and out of the Bragg condition in an
uncorrelated manner. This experiment indicates that the
crystallites are not "twisting" about the fiber axis in a

regular manner. Rather, the morphology is a arrangement of
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Figure 3.3: SAED pattern of heat treated trans-PBZT
ibter. The strong equatorial reflections are indicative of
the good laterel packing and the diffuse layer lines are
indicative of the large am2>unt of axial lateral disorder.
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abbreviated, axially oriented crystallites with more or less

random orientations perpendicular to the fiber axis.

Figure 3.4 is an HREM image of PBZT taken near the
Scherzer focus which shows clearly the 0.59 nm (100) and 0.36
nm (010) equatorial spacings (Boudet et al, 1987). From the
multislice calculations in the last chapter we know that
these fringes arise from the lateral packing between
molecules and therefore serve to characterize the local
orientation of the moleculnr axis. Hence, from this and
similar HREM images it is possible to measure the precise
orientation distribution of the chain axis with respect to

the edge of the fiber.

Figure 3.5 shows the results of such measurements for
PRZT, as well as for the PBZ0 fiber discussed in Chapter 1IV.
Note that the axial crystallite orientation is high and
uniform for all of the fibers studied. The distributions are

all centered about the primary orientation axis.

The standard deviation of the observed misorientation
angle determined by HREM for PBZT measured over a 200 nm x
300 nm region containing 85 crystallites was 1.26 degrees.
The shape of the orientation distribuﬁion was the same
regardless of whether angles were measured from 0.59 nm (100)

or 0.36 nm (010) fringe patches. The maximum amount of
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Figure 3.4: HREM image of PB2ZT taken near the Scherzer
focus. The 0.59 nm (100) and 0.36 nm (010) equatorial
spacings corresponding to lateral packing side-to-side and
face-to-face can be clearly seen. {Boudet et al., 1887).
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misorientation between two crystallites in this region was 7

degrees.

ué parameter whiéh‘is often used to describe an
orientation distribution is the Hermans-Stein parameter
£ = 1/2(3<c032(9)>—1) where 0 is the misorientation angle of
a chain with respect to‘the primary orientation axis
(Alexander, 1969’. The orientation parameter determined from
the data shown was £ = 0.99927. For heat treated PBZT, and
for all of the PBZ0O fibers studied as well (Table 3.1), the
Hermans-Stein prientation parameter measured from HREM images
is greater than £ = 0.999. This emphasizes that subtle
changes in the orientation distribution for highly oriented
systems such as these do not significantly affect the value

of the Hermans-Stein parameter.

From careful analysis of HREM images it is possible to
obtain detailed information about the size and shape of PBZT
crystallites. The crystallites were generally compact in
- shape and did not exhibit "rhombohedral" or other unique
shapes which might indicate a tendency to form certain types
of low-energy grain boundaries. Figure 3.6 shows a plot of
the maximum axial size of crystallites as a function of the
maximum lateral size. These data were determined by drawing
boundaries around fringe patches on HREM enlargements by eye
and then measuring the largest}dimension of the resulting

crystallites in both the axial and lateral directions. It is
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Table 3.1

Orientation Measurements from HREM Images

Fiber

PBZT

PBZO AS

PBZO HT 600

PBZO HT 665

PBZC CPD

Standard
Deviation
{(degrees)
1.26
1.33
1.43
1.25

7,86

Observations

104

Number
of
85
39
65
16

39

Hermans-Stein
Orientation
Parameter
.89927
.99392¢0
.99930
.998929

.97254
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Figure 3.6: Plot of the maximum axial size of PBZT
crystallites as a function of the maximum lateral size as
determined from HREM images. These data were determined by
measuring the size of patches of 0.59 nm (100) and 0.36 nm
(010) fringes. Note that there is a reasonably broad
distribution in crystallite size and shape.




evident that a relativély broad range cf crystallite sizes
occur. Note that the dimensions>of PBZT crystailites are
slightly extendéd in the axial direction as compared to the
lateral direction. Crystals were noted as small as 4 nm and
as large as 22 nm in the lateral direction, and as smalllas

5 nm and as large as 40 nm in the axial direction. The
average size of the crystallites observed was 10.4 nm in the
lateral direction with a standard déviaticn of 4.3 nm and
17.2 nm in thé axial direction with a standard deviation of
8.0 nm. Because smail misorientations of the crystallite may
cause the fringes to lose contrast {(Chapter II), the size of
the fringe patch cbserved in HREM represents a lower bound on

the actual crystallite size,

Figure 3.7 is an HREM image of a PBZT fiber using a
highly underfocused objective lens in order to better imagé
the axial fringes éorrespcnding the monomer repeat distance
along the PBZT backbone. The undulating fOOI} lines can be
clearly seen over much of the image. They are approximately
perpenﬁicﬁlarkto the fiber axis but their precise orientation
varies from region to region. It is apparentifrom the image
that the dimensions of the (001) fringe patchés are larger
along the fiber axis than in the lateral direction, This is
confirmed in the optical transform of the micrographs where
we find streaking on the first and third 1éyer lines. From

the breadth of the optical diffraction peaks the char-
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Figure 3.7: HREM image of PBZT fiber fragment using an
underfocused objective lens to enhance the 1.24 nm (001)
spacing corresponding to the monomer repeat distance along
the PBZT chain backbone. The fluctuating nature of the
1.24 nm (001) spacings can be seen over much of the image.
Some areas of lateral ordering with 0.59 nm (100) fringes can
also be seen. The edge of the fragment is seen on the rignt.
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acteristic dimensions of the regions of (00l1) ordering are 15

nm along the chain axis and 1.0 nm perpendicular to the axis.

Figure 3.8 is a higher magnification view of an area
with two sets of (001) fringes meeting laterally at a sharp
- boundary. This image shows that it is possible to have |
large, local shifts in axial registry between adjacent

domains of PBZT molecules in the solid state.

These results suggest é model which involves variable
local axial disorder between lateraliy well ordered PBZT
molecules. From the‘images shown, it can be seen that the
amount of axial misregistry cén be quite large (approaching
the chain repeat distance of 1.2 nm). To estimate the nec-
essary probability of encountering‘axial misregistry in these
images, we show in Figure 3.9 a simulated PBZT structure with
an increasing probability of encountering axial disorder
between adjacent PBZT molecules. In this figure only one
layer of molecules is shown. The experimental  image of
course corresponds to a projection through a stack of these
disordered layers on top of one another. The effect of
finite sample thickness can also be simulated by superposing
several disordered layers. A rough comparison of such
computer models with the experimental HREM data (Figures 3.7
and 3.8) shows that a probability of axial hisregistry

somewhere between 30% and 100% is necessary to explain the

images obtained.
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Figure 3.8: Higher magnification view of PBZT 1.24 nm
(001) fringes showing an area where the (001) fringes meet
with a large amount of local misfit, confirming the validity
of disorder model which considers a statistical probability
of encountering complete axial misregistry between laterally

adjacent molecules. The optical diffraction pattern is
inset.
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One of the inherent problems with scattering techniques
is that‘they require some sort of structural model in order
to predict the scattering behavior of the object to compare
with the'exéerimental data. For crystalline materials this
usually involves aséuming a population of some sort of char-
acteristicidefects within an ideal, infinite, three-dimen-
sional crystal lattice. It is not always possible to estab-
lish whether such defects are realistic siﬁce scattering
techniques typically average over large sample volumés.
Also, it is possible to predict quite similar scattering
behavior from many distinctly different types of defect

model.

Here, we have established by HREM imaging the'validiﬁy
of é defect model which involves large, local axial misreg-
istry between laterally well ordered PBZT molecules. For
detailed structural comparison, .imaging techniques do not
provide enough statistics to insure good averaging over the
mahy possible contributions to the overall structure so that
images must be thought of as providing "specific" rather than
ﬁgeneral"'information about_sample structure. However, once a
valid defect model has support by direct imaging, detailed
comparison can be made by using model calculations which
describe the disorder and the probability of this defect to
occur. With the HREM images as evidence for the validity of

defects characterized by large local fluctuations in
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molecular packing, we further investigated the predictions of
similar disorder models in‘éescribing the scattering of

fibers of PBZT.

D. Discussion
1. Models for Disorder in Polymer Fibers

For uniaxial fiber samples it is convenient to describe
the scattering distribution in cylindriéé; coordinates with
the function I{R,lfcgws}, where 1/c is the distance along
the ¢* axis, R the perpendicular distance from the ¢* axis,
and Va the azimuthal angle. For cylindrically symmetric sam-
ples {fiber symmetry}, we have the averaged intensity at a
position (R,1/¢) along a layer 1iné by averaging over all of
the azimuthal angles Vi
<I(R,1/¢)> = 1/2m 0 ,£/% 2 (R,v_,1/c) d\;r;

(3.1)

The term /f/2 is the form factor corresponding to an indi-
vidual molecule. The factor 2 is the lattice function and
~ has three contributions for each of the three basis vectors

ai of the lattice:
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Z(R,y,,1/c) = Z,-Z, %

1 "2 73
(3.2)
The function 2 is given by (Hosemann and Bagchi, 1962):
\
zi = (1 - /Fi/Z)/(1+/Fi/2-2/Fi/cos(2nk ai))
(3.3)

‘The /Fj/ represent the statistical amplitudes determined
by the Fourier transform of the cell-edge statistics Hi(x)
describing the deviation of the disordered lattice from the
perfectly ordered case. The statistics Hi(x) are definéd

such that

x Hi(x) a3x

(3.4)

The stétistical amplitudes /Fj/ describe the amount of crys¥
talline ordering present in the sample. When all the /Fi/=1,
the sample is perfectly ordered and the lattice function
approaches a series of delta functions af k vectors equal to
the nodes of the reciprocal lattice (1/ai). When all the
/Fi/=0, the lattice function becomes equal to one and the
scattering becomes that of the spherically averaged molecular

transform (i.e, gas-like scattering from the motif).
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If PBZT exhibited complete axial misregistry then the
/Fi/ corresponding to the lateral directions (i=1 and i=2)

would egqual zeroc and therefore the lattice functions Z, and

1
22 would equal one. In this case the distribution of scat-
tering on each layer line would simply be that of the cylin-
drically averaged molecular transform. The détailed nature
of the intensity distribution on the layer linés gives subtle
information about the specific nature of the ordering bétween
PBZT molecules. Several different models for predicting
scattering behavior er disordered systems are available.
First, we will discuss the paracrystalline model (Hosemann
and Bagchi, 1962). Later, we will discuss a model involving
a statistical §robaﬁi}ity of encountering random axial shifts
between laterally adjacent molecules. The probability of

encountering this random axial shift disorder can be

different for different lateral directions.
2. Paracrystalline Lattice Fluctuations

The paracrystalline model is a perturbation model which
incorporates the deviations of the actual lattice from an
"ideal"™ lattice. In a perfect crystal, all of the lattice
vectors a, defined as the vector between one lattice site and
the next in the i direction are eqﬁivalent. The mental
exercise of taking all of the actual lattice vectors a, in
the saﬁple and translating them back to a common origin would

give a single end point. 1In a real sample with distortions
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and defects, the ai!s are not equivalent and there would be a
cloud of points surrounding the neighboring lattice site
representing all of the different locations of the nearest

neighbor motif.

This operation can be carried out for each of the three
basis vectors a; describing the lattice of the material.
Hosemann describes the cloud of vector end-points by assuming
that they can be described well by Gaussian functions
centered on the ideal crystal lattice points. Hence, it is
possible to estimate the width of the distribution by a'
parameter representing the breadth of the cloud of end-
points. This parameter is called the fluctuation tensor
Tjk(i). There will be three independent fluctuation tensors

for each of the three basis vectors ai.

When the cell-edge statistics are approximated by
Gaussian functions, the statistical amplitudes /Fi/ depend on
the scattering vector k by the relation:

JFi/ = exp{-21% k-T(i) -k}

(3.5)
where T is the fluctuation tensor with components
Tjk(i)zAzjk(i). Ajk(i) eorresponds to the fluctation of
the basis vector aj in terms of the coordinate system (3, k)
which in general may or may not be simply related to the

crystal or cartesian coordinate systems. From equation 3.5,
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it is apparent that the statistical amplitudes /Fi/ are
predicted to be equal to one {ordered} at low scatteiing
angle (k=0), and decay in a Gaussian fashion to zero
{disordered} at a rate thétféepends on both k and T. The
larger the cempénents of fluctuation T are in a given
direction k, the faster /Fi/ will decay from one to zero in

that direction.

The effect of these fiactuaticns ia'the lattice is to
decrease the intensity of and broaden the line width of the
sharp Bragg reflections whicﬁ would normaliy be observed in a
perfect crystal. The intensity decreases and the width
increases with increasing scattering vector. The breadth of
the diffraction peaks dk are predicted to inérease as t?e
fourth power of scattering vector k:

(@) ? = @/p? + ofatd
(3.6)
where 32 is the appropriate component of the fluctuation
tense: T and L is the crystallite size (Schultz, 1974).
Equaiion 3.6 shows that the fluctuation tensor‘T as well as
the crystallite size L can be obtained from the slope and
intercept’of a plot of the width of diffraction peaks dk as a

function of k‘.

Another method of estimating T is to determine the value

of the scattering vector k for which it is no longer to
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possible to observe discrete crystalline reflections in the
scattering pattern. Hosemann showed (1962) that it is no
longer possible to observe discrete reflections when the
reciprocal lattice points are outside an "limiting ellipsoid
of reflexion" where the value of /Fi/ becomes equal to 0.1.
From equation 3.5 we see that the boundary of this ellipsoid

is given by the condition:

(k-T-k) = 0.12
(3.7)

This equation gives a means of estimating the fluctua-
tion tensor T for reflections which become unresolvable at a
scattering vector k. It is important to recall that there is
a different fluctuation tensor T(i) for each of the unit cell
vectors a;, and therefore there are three different limiting
ellipsoids of reflexion centered at the oriéin of the
diffraction pattern. The boundaries of a particular limiting
ellipsoid can be determined\by examining where on the
diffractioh pattern the corresponding.component of a re-
flection becomes indistinguishable from the background. For
example, if T(1) is of interest, then it is necessarylto
investigate the streaking of reflections in the (100)
direction. 1In our analysis we assumed that the fluctuation
tensors T(i) are approximately given by three diagonal

components parallel to the lattice directions a3, a2, and a3.
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From the PBZT SAED pattern it is possible to estimate
the value of k at which different families of reflections
become unresolvable. From these measurements and equation

3.7 the fluctuation tensors can be determined.

Consider first the fluctuation tensor associated with
ay, the unit cell vector'along the chain,’ The corresponding
direction in réciprocal space is the ¢* direction along the
meridion. The ccmpenehts of T(3) are giveﬁ by the scattérin§
vectors at which it is no‘longet possible to resolve discrete
layer lines in the a*, b*, and c¥* directions. For example,
the component 533{3) is given by the position on the
meridion at which layer lines broaden and fade into the
background. Iﬁ PBZT SAED patterns it is possible to seé up
to l?yorders of layer line reflections along the meridion.
This means that Kk a.x 1S at least 17/1.25 = 14 nm-1, so that
from equation 3.7 A33{3} is 0.02 nm. The components 613{3}
and 322{3} are given by the points in the a* and b*
directions at which the layer lines are no longer well
defined. Because of the fiber symmetry of the sample it is
not possible to distinguish the value of 511{3} and ﬁ22(3}
from the diffraction pattern. In the analysis of the ‘
paracrystalline structure of PPV {Granier, Thomas, and -
Karasz, 1988} it was assumed that 511(3} and A22{3) where
approximately zero since layer lines are usually assumed to
be sharp and nearly infinite in extent. However, close

examination of PBZT diffraction patterns shows that layer
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liﬁes become indistinguishable from the background in the a*
and b* directions at finite scattering vectors. In fact, the
layer lines vanish in the lateral directions at a scattering

vector of approximately 3 nm~1l, giving a value of 0.12 for

A11(3) and A22(3).

For the components of the fluctuation tensors for other
unit cell vectors a, and a,, it is necessary to examine where
in the diffraction pattern the (100) and (010) components of
reflections become indistinguishable. Examination of the
PBZT SAED pattern shows that the (h00) equatorial reflections

can be seen up to the (300), corresponding to a scattering

vector k . of 6 nm~ 1

ax and All(l) of 0.06 nm. The (0kO)

reflections can be seen up to (030), corresponding to a
sCattering vector kmax of 9 nm-1 and A22(2) of/0.04 nm. The
fiber symmetry of the pattern makes it difficult to separate
A11(2) and A22(1) from the data on the equator, therefore we
follow the example of Granier et al. and assume A11(2)

All(l) and A22(2) = A22(2).

The values of A33(1) and A33(2) are given by how far
along the meridion it is possible to see discrete (h0l) and
(Ok1l) reflections on the layer lines, respectively. From the
SAED data it is not possible to index either spacing even on
the first layer line, therefore k __ is less than 0.8 nm *

and thus>A33(1) and A33(2) must be greater than 0.43 nm.
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The values of the compénents of the fluctutation tensors
T(i) determined in this way are summarized in Table 3.2. Note
that the high degree of axial disorder is manifesﬁed as the
high values of 633(1) and é33(2). The geometry of 311(3)
and 322{3} suggests that they are sensitive to the |
misorientation of the chain along the fiber axis. This is
reasonable, for if chains are highly aligned, then the layer
lines are flat and extended. A schematic drawing of the
relationship between the unit cell vectors aj and a3 of PBZT
and the fluctuation tensors T{l)} and §{3} is shown in

Figure 3.10.
3. Statistical Disorder

The garacrystalliné model discussed above assumes a
'hemogeneauskdiscréer in which each chain is displaced an
average amount from its neighbor. The amount of this
fluctuation is given by the size of the fluctuation tensors

T{i). For perfect crystals the T{i) are zero.

Another disorder model is to assume there is some
§robability for adjacent chains to either be in perfect axial
registry or to be completely misregistered. We term this the
statistical disorder model. In this case /ri[={1¥as} where
o, is the probability of encountering misregistry in a given
direction. Likewise, {1-&8} is the probability of adjacent

molecules being in perfect registry. This disorder model
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Table 3.2

Fluctuation Tensors of PBZT from the
Hosemann Paracrystallinity Model

direction 3: chain axis (c¢)
direction 2: lateral packing (b)
direction 1: lateral packing (a)

Tensor Component kmax A

, (nm=1) (nm)
A11(1) 6 0.06
A22 (1) 9 0.04
A33(1) 0.8 0.43
A11(2) 6 0.06
A22(2) 9 0.04
A33(2) 0.8 0.43
A11(3) 3 0.12
A22(3) 3 0.12
A33(3) 14 0.02
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Figure 3.10: Schematic of the paracrystalline
"fluctuation tensors for PBZT in the ai-a3 plane. The
fluctuation tensor associated with the direction a1l is T{(1l},
and is characterized by the dimensions A11{l} in the a3
direction and A33(1) in the a3 direction. Likewise, the
fluctuation tensor for a3 is T(3), characterized by
dimensions A311(3) in the aj direction and A33(3) in the a3
direction. ' ‘
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diffefs from the paracrystalline model in that for a given
orientation of the scattering vector k the parameter /Fi/
does not depend on the magnitude of k. The model has an
advantage in that it requires only a choice for the type of
axial»régistry (the position of the neighboring chain along
the ¢ axis) and the probability for that registry té occur.
In this way, thé scatfering behavior can be calculated with a

minimum number of adjustable parameters.

With this statistical disorder model it is possible to
predict the intensity of scattering aléng iayer lines in a
.fiber diffraction pattern. By varying the probability of
encountering axial disorder in this manner it is possible to
observe an evolution from completely stre;ked layer lines to

a three-dimensionally crystalline structure.

Figure 3.11 shéws the predicted sCattering'pétterns for
PBZT with a different probability for encountering axial
misregist;y between neighboring monomer units. Figure 3.1la
shows the case of complete axial disorder,. and therefore this
corresponds to the molecular transform of PBZT. Note that
thé calculation predicts thatvthere should be a strong
intensity of scattering on the merdion at the sixth order
layer line. Examination of the experimental data
(Figure 3.3) shows that the sixth layer line is clearly split

into seperate peaks off the meridion. Also, there is a
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Figure 3.11: Simulated SAED patterns (shown up to layer
line six) fcr PBZT using a triclinic unit cell and a) 100%,
b) 70%, c) 40%, d) 20% probability of encountering complete
axial disorder between molecules. These should be compared
with the experimental data in Figure 3.3. Note that the
experimentally observed splitting of scattered intensity near
the meridion on 1=6 is not predicted in the molecular
transform.
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fluctuation in intensity on 1=5 which is not predicted by the
molecular transform. In order to model the intensity on the
layer lines we have found it necessary to consider a new unit
cell for PBZT which involves regular placement along the c-

~axis between laterally adjacent PBZT molecules.

In the calculations shown in Figgre 3.11 a unit cell
involving an axial translation of the PBZT molecule along the
c-direction of 0.31 nm (1/4 ¢) in the ﬁ—direction and an
axial translation of -0.31 nm (1/4 ¢) in the b-direction was
used. A graphical comparison of this model with SAED data is
présented in Figure 3.12 for the sixth order layer line.

Note thaf the molecular transform of PBIT (as=1.0) has a
local maximum of intensity on the meridion, whereas
experimentally there is a noticeable off-axis peak in the
intensity distribution. ‘The best fit to the data clearly
involves a probability of axial disorder somewhere between

70% and 100%.

It would be best to investigate the fit of the predicted
scattering intensity on all of the observable layer lines.
This is most important for low order layer lines where the
effect-qf the paracrystalline nature of the disorder has the
least smearing effect on the lattice factor. The
predominance of inelastic scattering at low angles in SAED
precludes a quantitative investigation in this regime using

the data of Figure 3.3. 'Future work using energy-filtered
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Figure 3.12: Comparison between SAED data for the sixth
layer line in heat treated PBZT and theoretical predictions
using a triclinic unit cell and a disorder model with
different probabilities of encountering complete axial
disorde: between adjacent molecules. The data indicates that
best fit is obtained with a probability of encountering
complete axial disorder approximately 80% of the time.
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SAED and quantitative WAXS should be useful in further

analysis of the scattering on lower order layer lines.

It has been shown that regular axial translations
between laterally neighboring molecules are necessary in
order to best fit the experimenta; distribution of layer line
scattering intensity. T. Granier (1989, privaté
communication) has investigaéed in more detail the
predictions of this disofder model to experimentally obtained
PBZT scattering. In Granier's analysis the data used was
WAXS scattering taken by A. Fratini ahd W. W. Adams and
plotted by J. Minter (T. Granier, private communication).

The refinement considered different axial translations
between PBZT chains in the a and b packing directions. This
preserves the projection of the unit cell in the c direction.
The analysis varied the axial shift in the a and b direction
in order to minimize the difference between the computed and
experimental diffraction patterns for layer lines 1 to 9.

The search procedure was refined with the SIMPLEX method for
function minimization (Nelder and Mead, 1965). Although the
refinement indicated that there were minima for éeveral
placements of the chain alohg the axial direction, the best
fit was found for a unit cell using an axial translation of
+0.33 nm between neigboring PBZT molecules in the a direction
and -0.15 nm in the b direction. Spécifically, the new

triclinic unit cell is:
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a' = 0.681 nm alpha'=112.6 degrees

bt 0.392 nm beta' = 61.0 degrees

95.5 degrees

]

1.249%9 nm . gamma

The space group is Pi, with one chain per cell. The density
is 1.65 gms/cm3. Using this unit cell,'thé best fit ﬁo the
data was obtained with an 82% probability of encountefing
axial disorder in the a direction and a 74% probability of

encountering axial disorder in the b direction.

The reiétianship of the al' axis of this triclinic unit
cell to the éi axis of the monoélinic cell is shéwn in
Figure 3.10. Gtaphic dispiayé of the’position of the PRZT
molecule in this unit cell indicate that sulfur atoms on one
molecule become "locked in" between the two pendant hydroéens
on the phenyi ring of a neighboring PBIT mclecﬁle {Granier,

private communication).

With this‘unittteil in mind; i£ is useful to reexamiae
ﬁhe HREM images presented earliér;f If tﬁis unit cell is
appropriate for describing the iimiﬁed three-dimensional
crystallinity which occurs in PBZf fibers, then’it might Se
expected that the {081}‘fringes‘shcul& be.a §referen;iai
angie to the fibet axis.’ Close examination of figure 3.7
shows that there are indeeé regions where the (001) fringes"
maké measurable angles with respect to the fiber axis, but

the angle of orientation is not particularly uniform. In onc
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region near the middle and bottom of the figure the (001)
fringes make an angle of 83 degrees with the fiber axis.
This corresponds to a regular axial shift of 0.07 nm between

molecules packed in the a direction.

E. Conclusions

HREM images of heat treated PBZT fiber show well ori- .
ented crystallites exhibiting 0.59 nm (100) and 0.36 nm (010)
fringes characteristic of the lateral»packing between
molecules. Thé fringes map the local orientation of the
molecular axis, enabling the precise determination of the
orientation distribution. The standard deviation of the
crystallite orientation is 1.3 degrées in a 200 nm x 300 nm
,regioh, giving a Hermans—Stein'orientation parameter £ of
better than 0.999. Experimentally significant, local varia-
tions in orientation do occur and may be as large as

7 degrées.

The HREM imageé allow detailed investigation of the size
and shape of PBZT crystallites. The crystallites were
generally compact in shape and limited in extent. The
observed size distribution is reasonably broad, with
crystalline regions detected as small as 4 nm and as large as
22 nm in the lateral direction and as small as 5 nm and as

large as 40 nm in the axial direction. The average lateral
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size was found to be 10.4 +/- 4.3 nm, and the average axial
size was 17.2 +/- 8.0 nm. These crystallites are sub-
'stantially smaller in the axial direction than the size of

‘the average PBZT molecule (100 nm).

»énderfocusing the objeétive lens enables éhe 1.24 om
(001) reflection to be more clearly‘resélvéd.' HREM images of
the (001) planes show meandering fringes charaéteristic of
the high4éegree of axiél disorder between neighboring
molecules. Large iaterél mismatches between (001) ordered |
zones Canirms the applicability of a mqﬂel involving'a

large, local axial shift disorder.

‘Model calculations using a statistical disarder~model,
‘can be used té fit the éxpe:imentally'abiaineé SAED éatteras,
The best agreement with experimental data is obtained by
considering a neﬁ triclinic unit cell with a high (80%)
probabilify of encounterin§ agiai shift disordér between

neighboring molecules.

In general, these new findingé are quite cohsiétent with
our previous understanding of PBIZT morpﬁcieéy.‘ Oﬁviously,
HREM imaging has shown itself to be a useful and highly
complementary technique fot the detailed structural analysis

of polymer solids.
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Although our mental picture of PBZT morphology in the
solid state is now detailed, it is not necessarily complete.
Future refinements of our model of PBZT ultrastructure might
benefit from a more complete simultation of PBZT scattering
behavior over the entire Ewald sphere rather than merely on
individual layer lines. Also, a quantitative comparison
between the contrast experimentally observed in HREM images
and that predicted by different disorder models would be of
interest; This second goal may require higher magnification
.images than it has yet been possible to obtain so that the

negatives can be scanned directly by a microdensitometer.
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CHAPTER IV: ULTRASTRUCTURE OF CIS-PBZO

| As discussed in Chapter I, PBZT and PBZO aré polymers of
considerable interest‘fcr high‘performance‘applications.‘
Historically, more effort has been expended in refihing the
spinning and processing steps for PBIT fiber because it was
originally easier to obtain higher molecularkﬁeigﬁt PBZT than
PBZO. However, recent advances in syhthetic techniénes
(Wolfe, Sybert, and Sybert, 1985) have made it possiﬁie,to
reproducibly obtain high molecular weight PBzé. PBZO:is now
under ccmmércial development by Dow Chemical company. It is
therefore reasonable to expect an exganded interest in the

relationship between structure and properties of PBZO fiber.

In this chapter the ultrastructure of cis-PBZ0O fiber
will be investigated by WAXS, SAED, DF, and HREM. The mor-
phelc§y was examined as a function of'post—spinning heat |
treatment of the PBZ0O fiber. Also, the structure of PBZO
criticaliy point dried from the “és-spua“ wet state was
examined for comparison with as-spun and tension heat treated

fiber.

In this study we address the details of WAXS and SAED
scattering of PBZO fiber. We examine the experimentally
observed scattering on the meridion and on lower layer lines

and compare these with model predictions. The observation of
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"single crystal"™ texturing in SAED of thin PBZO fiber
frégments has enabled the unambiguousvindexingbof localized
scattering corresponding to the development of three-dimen-
sional crystalline ordering. We find that best fit of the
experimentally observed scattering intensity at intermediate
scattering angles is provided by a unit cell involving a
regular axial shift of 1/4 c between PBZO molecules close
packed "edge-to-edge" at a distance of 0.55 nm in the a
direction. At higher scattering angles the intensity is

described by the PBZ0O molecular transform.

HREM imaging has provided information about the size,
shape, and relative orientation of crystalline domains in
PBZ0O as well as the nature of molecular packing within these
domains. We compare the size and shape of the crystallites
determined by HREM with those determined by BF. Although
quantitative studies by either DF or HREM are plagued by
problems of sufficient statistics, from our results we find
thét there is quite good agreement in the crystallite sizes
and size distributions determined by the two-techniques. We
reconfirm previous results which indicate a relatively broad
crystallite size but an‘experimentally significant tendéncy
for PBZ0 crystals to grow more in the lateral than axial

direction after tensioned heat treatment.

The truly unique aspect of HREM is the ability to visu-

alize and subsequently characterize specific types of local

135




defects in microstructures. In particular, Qe werekéble to
obtain evidence for different types‘éf grain béundarigs and
dislocation structures between and within PBZO crystallites.
We discuss the strqctﬁre of an edge disloéation imaged within
a PBZO crystallite which has both the direction of tﬁe |
dislccatiéﬁ as well as direction of the Burger's vecto:
perpendicular to the axis of molecular orientatién.
Observations of grain boundary defects are discusséd~iﬁ‘mare

detail in Chapter VI.

A. Introduction

The structure of PBZO fiber was first sta#ieékby WAXS Sy
Won Choe and Kim (1981). The ?BZG used was spun from éa 8.6
$ by weight solution of PBZO with.an inherent viscosity of
2.8 dl/gm in a solvent of 97.5/2.5 MSA/CSA and ﬁas coa§u1ated
in a 70/30 H2OEMSA bath. The WAXS pattern of the as-spun
fiber showed géod orientation, with two stréng equatorial
reflectiogs at spacings of 0.555 nm and 0.335 nm and weak
scattering on the first andithird iayer’lines {1.135 nm)

along the fiber direction.

Model calculations using an empitical molecular orbital
approach for the interactions between cis—PBZ0 molecules
(Bhaumik, Welsh, Jaffe, and Mark, 1981) showed that there is

a minimum in the energetic interactions between neighboring
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PBZO monomers at a characteristic axial shift of 0.2 nm for
moleculés packed sidevby side (0.62 nm apart) and at 0.3 nm
for molecules packed face to face (0.35 nm apart). However,
the energy troughs as a function of relative axial position
wefe shallow (3 kcal/mole; 5 kT) so it might be exﬁected that
PBZO molecules would exhibit axial disorder in the solid

state as does PBZT (Chapter III).

As discussed in Chapter III for trans-PBZT, Bhaumik et
al. did not investigate the effect of diffefent internal
conformations 6f the cis-PBZO molécule. As for PBZT, the
energetics of the interactions between neighboring PBZ0O
molecules might be quite sensitive to internal rotations of
the heterocyclic group about the chain axis: For cis-PRZO,
the interactions between neighboring molecules may be more
sensitive to such internal rotations because of the chemical
dipple induced within the heterocyclic ring by the different
electronegativities of nitrogen and oxygen. For "trans"
arrangements these dinles,are in opposite directions and
tend to locally cancel. 1In the "cis" arrangement the dipoles
are both in the same direction and locally add. This makes
the local net dipole of a "cis" monomer stronger, so

therefore the intermolecular interactions should be longer

range.

The crystal structure of PBZO was first deduced from
WAXS scattering (Fratini and Adams, 1985). A primitive,
(
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monoclinic unit cell was found with parameters {a=0.565,
b=0.358 nm, ¢=1.174 nm, 0=90, P=90, ¥=102.5 degrees). This
unit cell gives a density of 1.64 gm/¢§3 which is not much
different f;amkthat observed experimentally (1.56 gmfcmB},
Also, it e#plains the expected close packingé of PBZO
mclecules "side-to-side" at 0.56 nm in the a direction and

*face-to-face"™ at 0.36 nm in the b direction.

The miéicstructure of PBZO was studied in‘detail by
Adams et al. (1986} and by Krause et al. (1988). ’TheyA
in?estigated PBZO with an intrinsic viscosity of 24 dl/g spﬁn
from solutions of 13.8 weight % in’poly{phos§hcric acié}.

The fibers were heat treated under tension in air at 450 C at
an exteésion ratio of 3.0% with a residence time of 30
secénés. In these‘studiesvwaxs, SAXS, SEMf BF, and DF were

used.

‘WAKS and SAED scattering patterns of PBZ0O fiber
indicated st;sng equatoriaz‘reflections énd layer line
scatteriﬁgfconsisﬁegt with the high degreé of orientation and
good lateral 9acking of the PBZO molecules. The development
of three-dimensional cr?stallinity‘askévideﬁced by the
development of 1ccéiized scattering on ﬁpper order layer
linestwas noted in both studies {Adams et al. (1986}, Kraﬁsé
et ai, (1988)). Aﬁams et al. (1986) suggested that the
primitive unit cell of Fratini and Adams (1985) was |

consistent with WAXS diffractometer data, but a detailed
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comparison of the predicted scattering intensity from this
unit cell with that obtained experimentally was not
presented. In particular, the strong reflections‘on the
second order layer lineicorresponding to the development of
three-dimensional crystallinity were not indexed in terms of

this unit cell assignment. .

Another feature in ﬁhe scattering behavior of PBZO which
is apparent from the data of Adams et al. (1986) and Krause
et al. (1988) but which has not received atténtion is the
notable lack of scattering intensity at the meridion on the
second order layer line. Such a lack of scattering intensity
may be explained either bi a systematic absence due to
symmetry in the lattice factor or the presence of a weak_

molecular transform at this scattering angle.

SAED studies showed that the rélative intensity of the
first and second equatorial reflections was senéitive to the
regioﬁ‘of sample investigated (Krause, et al., 1988). This
is indicative of a ‘domain structure formed from texturing
within the PBZO fiber. Azimuthal scans of the equatorial
reflections (Adaﬁs et al, 1986) indicated a misorientation of
6 degrees in the as-spun case and 4 degrees in the heat.
treated case in both WAXS and SAED, confirmihg that

misorientation was present down to very local size scales in

the fiber.
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Scatter plots of the crystai sizes observed in
equatorial DF showed a rather broad distribution in both
axial and lateral size (Adams et al., 1986}. The mean
crystal dimensions were seen to increase in both the lateral
and axial éirections; but the ratio of the average axial size
to average lateral size of the érystaliites decreased from
0.90 to 0.55 after heat treatment. Apparently, the growth of
thé PBZO crystallites in the axial direction is not as
extensive as growth in the lateral direction. This is in v
contrast to heat treated PBZT, where crystallites have an
average axial size to averégé lateral size ratio af 1.7

{Chapter III).

~ SAXS patterns of heat treated PBZO fiber éxhibit‘a weak
four-point pattern (Adams et al., 1986; Adams and Grubb, |
1888). These results indicate the'dévelopment of periodic
fluctuations in electron density at specific angles to the
fiber axis. 4Similar four-point patterns'have been seen in
SAXS of fibers of ABPBO, a semi—flexiﬁle 9clymér which shows
well developed threé—dimensicnal crystallinity. This
behavior is in sharp contrast to heat treated ?BZT which does
not exhibit four-point SAXS behavior {Minter, 1982). Adams
et al. (13886) ;reposé a model of tilted lamellar shaped |
crystallites to explain this four-point SAXS behavior, but it
is known from DF that such lémellar crystallites do not exist

in PBZ0O. A more detailed explaﬁation of the four-point SAXS
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scattering in terms of specific morphological features

present in PBZO and absent in PBZT has not yet been advanced.

The first HREM study of PBZO fiber was recently
published by Adams et al. (1989). The fiber used was spun
from anisotropic solution in PPA and coagulated in water.

The intrinsic viscosity and solution concentration were not
reported. After washing in water and drying in air, the
fiber was heat treated under tension in a nitrogen atmosphere
at 550 C. The critical dose Jc was reported to be 0.2 C/cm2
for 200 kV electrons. This is somewhat less than that for

PBZT (1.6 C/cm?2 at 100 kV), but is still two orders of

magnitude better than polyethylene.

The 0.55 nm fringes wefe clearly visible in the HREM
image, with orientation of the molecules in the direction of
the fiber maintained over large regions of the micrograph.
Evidence for 0.33 nm frihges was seen in the optical
transform, but these fringes were difficult to resolve on the
micrograph. The sizes, shapes, and}relative positions of
different PBZO crystallites could be detected (of size
approximately 5 nm x 10 nm), but the limited field of view
made statistically significant valﬁes difficult to establish.
A defeétive region was shown where the 0.55 nm fringes lined
up properly on one side of the image but did not line up
properly on the other side. Alﬁhough this data suggests the

presence of a dislocation within the PBZO crystallite, a
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specific model which explained the structure of the defect

was not presented.

More recent attempts to refine the unit cell of
crystaliiné‘PBZG have focused on the use of a non-primitive
unit cell with (a=1.104, b=0.346, ¢=1.206 nm, =90, PB=90, and
~¥=91.5) (Fratini and Adéms, 1988, private cammunication}. The
placement of the seCénd molecule in this non?primitiVe cell
has been postulated to be at (1/2, 0, 1/2), which cc#respondé
to a regular translation of 1/2 ¢ for molecules close-packed -
in the a direction. However, we wili show later that this |
placement of the second chain does not explain‘thé observed
distribution of scattering intensity‘cn the second order

layér line,

Heres we present WAXS and SAEB'data of PBZO fiber as a
function of heat treatment. Thin sections of PBZO film were
found to exhibit orientation texturing. SAED gatterns‘
obtained from these regions enabled the assiqnment af‘
specific hkl iﬁdexing to localized reflections off the
meridion on the second order layer line uéing a non-primitive
uhit cell with a regular axial registry of 1/4 ¢ befween
molecules close-packed in the a direction. We‘compare the
intensity of scattering predicted by the prcédsed unit cell
as well as several other“reasonabie aiternative unit cells

with that experimentaily observed,
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We present HREM data of PBZO both as a function of heat
treatment and of a fiber prepared by removing the coagulant
(water) by critical point drying. The sizes and shapes of
- the crystallites seen in HREM will be compared with data from
DF imaging. We confirmed the earlier observation that PBZO
crystallites tend to grow more in the lateral direction than

axially.

We saw several interesting types of defects in these
images and will describe the highlights of these results. 1In
this chapter we will discuss an image which contains a edge
dislocation which has both'the dislocationvdirection and the
Burger's vector perpendicular to the molecular axis. Lattice
images near combressive deformation zones will be presented
in Chapter V. More detailed comparison of HREM images of

PBZO with grain boundary defect models will be presented in

Chapter VI.

B. Experimental

The cis-PBZO fiber used in this study was spun by Dow
Chemical company (H. Ledbetter, 1987) and provided to us by
W. W. Adams of WPAFB. The samples réceived were as-spun
(AS), heat treated at 600 C (HT 600) and heat treated at 665-
C (HT 665). The mechanical properties of the material as

reported by Dow Chemical are listed in Table 4.1.

143




' Table 4.1

Characteristics of PBZO Fiber

as Reported by H. Ledbetter, Dow Chemical
to W. Wade Adams, WPAFB

Designation : HTA Color ﬁoéulus  Strength Elong
(Dow Code) c . GPa - GPa %
AS-383-C8601037-69E AS yelliow ’165 | 4.3 2.8
HT-383-C8700357-8A 600 orange 317 4.9 1.7
HT-383-C8700357-8B 665 purple 289 3.0 1.2
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Fiber samples were wound on small (10 mm) cardboard
supports and pleced in a Cu Ka X-ray beam and WAXS patterns
obtained-of the corresponding bundles. Samples for TEM study
were prepared by the detachment replication procedure

described in detail in Chapter II.

The critical point dried fiber was prepared by starting
with PBZO fiber which had been spun and left in the wet
state. The wet PBZO fiber was spun by H. Chuah (UDRI) and"
also provided by W. Wade Adams of‘WPAFB. The water in the
saﬁples wae slowly exchanged with acetone by steppihg through
baths of 0%, 25%, 75%, and 100% acetone respectively for one
hour in each bath. After complete exchange the fibers were

soaked in aeetone for 24 hours.

The acetone-swollen fiber was then placed in a Polaron E
3000 critical point drying apparatus which consists of a
pressure vessel with a water jacket for temperature control.

The chamber was sealed and slowly filled with liquid CO2 at

25 C and 900 psi. After flushing with CO2 for five minutes

to remove residual acetone, the chamber was filled with CO2

- and held under pressure for one hour to fully impregnate the

fiber. Then the temperature was slowly raised while the
pressure was maintained. During this process the CO2 slowly
loses its meniscus as it passes over the triple point. At

the elevated temperature the pressure (now 1200 psi) was
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slowly released and the dried fiber fiﬁally removed from the
apparatus. After critical point drying some of the fiber
sample was exposed to an untensicneé héat treatment of 600 C

for 45 seconds under a nitrogen atmosphere,

C. Results
1. WAXS and SAED Scattering .

Figu:e 4.1 shawskngs patterns of fiber bundles of PBZO
as a function of heat treatment. A striking feature of the-
WAXS patterns is the strong off-meridién reflectién cﬁ the‘
second order layer line whiCh beéomes'more intense and
localized with increasing heat treatment. This reflection ié
" indicative of 3-D crYstaliinity in the heat treated PBZO
material. This reflection was also observed in the studies

by Adams et al. (1986) and Krause et al. (1988).

It can also be noted from Figure 4.1 that the PBZO WAXS
patterns do NOT exhibit st:cng scattering on the ﬁeridian on
the second order layer line. Pﬁrthermore, the scattering on
-the first layer line is much broader in the lateral direction

than the strong reflection on the second order layer line.

Figure 4.2 shows plots of the WAXS data obtained by |

scanning the negatives with a Optronics P—1000
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Figure 4.2: Densitometer scans of the WAXS data
presented in Figure 4.1. a) Meridional scan showing the
average.WAXS intensity in a rectangular window of width
0.8 nm oriented along the fiber axis, plotted as a function
of magnitude of the scattering vector k. b) Scan of the
second order_}ayer line, again using a rectangular window of
width 0.8 nm centered about the layer line, plotted as a
function of the cylindrical reciprocal lattice coordinate R.
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microdensitometer. The data were obtained by averaging the
intensity within a rectangular window of width 0.8 nm-1
oriented along both'the meridion and the second order layer
line. ‘Figure 4.2a shbws scans along the meridion plotted as
a function of scattering vector k. Figure 4.2b shows scans
along the second layer line, plotted as a function of R, the
cylindrical coordinate of the reciprocal lattice
corresponding to the projection of the scattering vector k on
the equatorial plane. Note in Figure 4.2a the strong peaks
corresponding to the (001) and (003) layer lines. Dufing
heat treatment the peéks narrow and move in slightly. This
is indicative of an increase in theicrystalline ordering
along the chain and an small increase in the ¢ dimension.
Also note that any scattering at (002) is very weak (in fact
absent to within the background level). 1In Figure 4.2b the
increasé in intensity énd localiéation of the strong peak at

a position R of 2.6 nm'-1 with heat treatment is evident.

Figure 4.3 shoWs_schématic drawings of SAED patterns of
thin sections of PBZO. As in the study by Krause et al.
(1988), it was found that during SAED observation of PBZO
fiber fragments the relative‘infensity of the first and
second equatorial reflections Qas not constant, indicating
again'ﬁhat orientation texturing was present. While studying
different regions of PBZO fiber fragments by SAED itvwas
noted’that the strong off-axis reflections on the second

order layer line and the first and fourth equatorial
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Figure 4.3: SAED patterns of PBZO from thick (a) and
thin (b) fiber fragments. In some very thin sections it was
possible to observe only the (200) and {400) equatorial
reflections corresponding to "single crystal" texturing about
‘the [010] zone axis. It was observed that whenever the (200)
and (400) were visible, the localized reflections on the
second layer line were also seen. This means it is possible
to unambiguously index these reflections as (102) and {302},
respectively. The (3C2) reflection corresnonds to that seen
in the WAXS patterns {(Figure 4.1}

1
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reflections, corresponding to first and second orders of the
0.55 nm "side-to-side" spacing, were always visible at the
same time. Furthermore, it was possible to locate extremely
thin sections of PBZ0O fiber fragments in which the texturing
was so strong that the first and fourth équatorial
reflections Qere present, but the second and third
reflections were completely missing. Figure 4.3 shows
schematics of SAED patterns from thick and thin sections of
PBZO. In thick sections all of the equatorial reflections
are visible and the SAED patterns correspond to the WAXS data
presenﬁed in Figure 4.1. However, in the thinnest sections
only the (h00) set of reflections were seen on the equator.
Since the (00l1) direction is in the fiber direction, this
indicétes "single crystal" texturing in the thin regions
about the [010] zone axis. Nevertheless, in these thin
sections there remained localized scattering on the second

layer line.

These observations prove that the off-axis refiections
on the second order layer line are in the crystal zone
containing theMO.55 nm “side—to—side" packing direction.
This means that these reflections represent regular orderiﬁg

‘between PBZ0O molecules in the aydirection.

Further inspection of the PBZO SAED scattering pattern
shows that the localizéd‘reflections on the second layer line

correspond to intermediate positions of the strong equatorial
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reflectiohs. Specifically, the reflecfiens on 1=2 occﬁr at
positions écrresponﬁing to (102) and {3&2}~when‘the first and
fourth equatorial ieflecticns are indexed as (2@0} and (400).
This indexing scheme requires a ion—primiti?e PBZG»unit‘celi
wit§ two chains per lattice site. Aithéﬁgh the (102)
reflection ccéld be seen in SAED, this reflectiqn was not

strong in the WAXS patterns.

The intense (302) refzectioné indicate that PBZO
molecules iaterally closed-packed at 0.55 nm‘have‘a tendency
to align with :é;ativé axial’shifts of 3/4 c,athe repeat
distance along the chain axis. Since the PBZO ﬁolecuies are
(rigié and highly orientédf an axial translation of 3/4 é ié

equivalent to an axial translation of —-1/4 c.

With this assignment for the localized scattered
intensity in mind, it is useful to reexamine the WAXS
patterns in Figure 4.1. Notice that while the (302)
reflection on the second 1ayér line is stron§,‘the:e is
diffuse streaking on the firstklayer line. How could it be
possible to have streaking on 1l=1 ifythére are distinct

:eflections on 1=27

Figure 4.4 shows several different models of axial
registry'between neighboring PBZ0O molecules. Figure 4.4a
. shows a model with the neighboring chain at a shift of 0 e¢.

Figure 4.4b shows the neighboring chain at a shift of 1/2 ¢,

- 154



564 6 ¢ ¢
| |
ﬁ C O
cg © Q 0 © / v
C ) ¢
O 3 5 2 0 C D ¢ ¢
SE3ES
. ) @] S/
\g > 0D 15 Y o ﬁ fT Y
1,21 nm T N S
egvroeet v lelele
0.55nm
C | D
S I . d d
\ W 8 \ (
A\ A C c‘
e ¢ | ¢ & ] C
T q 7 ~ ¢
Ly L ooby LS P2 ]
S Q) ﬁb | ¢ Q T | ¢ S
Q ’73 WP <\ 9 {
C o
el el vl AN

Figure 4.4: Models of different types of regular axial
registry between PBZO molecules in the a direction. a) Axial
shift of 0 ¢; b) Axial shift of 1/2 ¢; c¢) Axial shifts of
+1/4 ¢ and -1/4 ¢; and d) Axial shift of +1/4 ec. '




~as proposed by Fratini and Adams. Figure 4.4c shows a
strictly alternating model with axial shifts of +1/4 ¢ and -
1/4 ¢. Figure 4.4d shows a modelkwithia regular placement of

+1/4 c.

'Figure 4.5 shows the co;respoading predictions éf each
of these models on the scattérin§ behavior of PBZO. Note
that cnlykmodeis C and D which have regular placemen:’éf
1/4 ¢ between neighbcriﬁg PBZO molecules correctly predict
the experimentally observed scattering behavior on the second

layer line with reflections at (102) and (302).

In WAXS yétterns of PBZO, tﬁere,is streaking on the
first layer line, yet there are localized reflections on l=2,.
There are two plausible explanations for this observation.
?irgt, it may be that there is a sticng tendency for 1/4 ¢
registry to occur, but that there is a high probability for
this registry to be either +1/4 ¢ or —1!41c.. This means that
the actual structure would be compriéed of’domaiﬁs of
variabie width’of type C and type D;k Such a structure is
reasonable because of the low energy of axial sﬁift
mésregistry {by analogy with PBZT; Chapter III). Such a
regular type of disorder would induce streaking on odd layer
'lines but would retain localized scattering on the even ones.
A sChematic‘comparing the expe¢te§ diffraction §atter§ from
such a model and that experimentéliy observed is shewn in

Figure 4.6.
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axial shift models of Figure 4.4. a) Axial shift of 0 ¢; b)
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Figure 4.6: Combined pattern using both models C and D.
The reflections are coincident on even layer lines, but
interdigitated on odd layer lines. This suggests that a
model having regular +1/4 c and -1/4 c shifts between
neighboring molecules would exhibit localized reflections on
1=2 but would show streaking on 1l=1.
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Another possibility is that the streaking on the first
layer line occurs because planes of PBZ0 chain which are
highly axially ordered in the a direction are highly
disordered between chains in adjacent planes in the b
diréction. It is poSsible to distinguish between these two
models by examining the distribution of intensity on the
first layer line in.single crystal textured zones. If
streaking persists on 1=1 for single crystal textured regions
in the [010]} zone, then this confirms the model with regular
1/4 ¢ registry with the registry occurring randomly "up" and
"down" along c. Uﬁfortunétely, the predominance of inelastic
scattering makes analysis of the details of scattering at low
scattering‘angles (k=0.8 nm™® for 1=1) difficult by
conventiénal SAED. Future studies using energy-filtered SAED
would be useful to resolve this question.‘ WAXS requires the
use of large samples so it is not possible to distinéuish
between a and b axis disorder in a uniaxially symmetric
fiber. WAXS would be useful if it were possible to induce
single'cryétal texturing in large fibers, perhaps by rolling

defotmation.

A convenient method to analyze interchain associations
is to calculate‘the expected intensity of scattering on the
meridion. The intensity of scattering on the meridion is
related to the distribution of electron density on planes

which are'perpendicula; to the fiber axis. For a highly

159




oriented, axially‘rigid molecule, internal rotations of chain
segments about the chain axis do not change the distributioh
of electron density on planes:which ére‘perpendicular to the
chain axis. Therefore suchkrotatians wili not‘chaage the
intensity of diffracticn exactiy cn the‘meriéion; ﬁoéever,
the scattering’intensity on the meridicnkis sensitive to

regular interchain correlations.

Table 4.2 shows the éxperimentally obtained intensity of
meridional WAXS scattering in PBZO obtained on a
diffractometer (Adams, et al., 1986). To éomﬁaré this data
-with'Calculatiens of moiecula: étructure factorsfrit is
necessary to correct for the Polarization factor
P=i}2(1+c032 20) and iorentz factor L = 1f$i§ 0 éos 0, where
0 is the Bragg scattering angle {Alexander; 1969). The

suitably corrected values are also listed in Table 4.2.

Compared with this experimental data is the Calculateﬁ
intensity of thé golecular transform on the meridioh for
PBZO. Three models weré considéred in this calculéticn.
First, the form factor of a single PBZO molecule; secéndip the
form factor of a dimer with the second chain at a shift of
1/4 e, and third, the form factor of a dimer with the second
chain at 1/2 e. A pro?crtionality factor was uséd to finé
the best fit (using an R-factor type error criterion) betwéen
the experimentally obtained WAXS intensity data {gi#en in

relative units) and the model calculation.
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Table 4.2
Scattering Intensity Predictions on the Meridion
for PBZO using Molecular Transform

Index WAXS WAXS

Expt. Corr. One Two 1/4¢ Two 1/2c -

Molecule Molecules Molecules
(00 0) >100

(00 1) 30 2.1 3.2 2.9 0.3
(00 2) 5 0.7 28.0 0.2 65.1
(00 3) 28 5.6 0.9 4.2 1.4
(00 4) 17 4.8 0.2 0.9 0.8
(00 5) 100 37.9 95.7 80.2 2.0
(00 6) - 25 12.1 107.3 1.6 231.0
(00 7) 9 5.3 6.1 6.6 1.5
(00 8) 7 5.0 1.7 0.5 0.5
(00 9) 37 31.6 25.4 30.8 0.9
(00 10) 42 40.1 42.1 1.1 74.7
(00 11) 41 40.9 35.4 40.5 0.5




Figure 4.7 compares the experimentally obtained and
calculated scattering intensity on the meridion for PBZO.
Note that the dimer model with a 1/4 craxial't:anslation fits
the data best for layer lines 7 and léwer; whereas the single
molecule transform fits the data best at higher scattéring
angles (layer lines 7 and higher}.‘fThe model with a éimer
having a relative shift of 1/2 ¢ did not fit the data well at

all.

Figure 4.8 shows the intensity of the molecular‘
transform on layer iines 1 and 2 far’a single ?BZO chain and
for a PBZO dimer with a relative'axiai shiftlcf 1/4 ¢. The
experimentally obtained WAXS scattering on layer 1ine 2 was"
shown previously in Figﬁré 4.2b. As noted in the earlier
caicalatién, a single PBZO molecﬁle is preéicted to have
strong scattering at the méridioﬁ on the second layer line.
Experimentally, there is 1ittle Oor no scattering at‘the
meridion on the second layer line (Figure 4.2b). It follcws%
’that the experimentaliykabserved lack of scattering on the
meridion at 1=2 is due tb regular interchain axial registry.
The méleculér transform of a dimer with a relative axial
shift of 1/4 ¢ has only weak scattering on the mefidion at

1=2 (Figure 4.7b).
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Figure 4.7: Comparison of model calculations of
meridional scattering intensity for PBZO and that obtained
experimentally by WAXS. At lower scattering angles (layer
lines 1-7) the data is fit best by the molecular transform of
a dimer with a regular axial shift of 1/4 c¢. At higher
angles (layer lines 7 and above) the data is fit best by
the molecular transform of a single PBZO molecule.
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Figure 4.8: Molecular transforms of a single PB20 chain
and a PBZO dimer with a relative axial shift of 1/4 ¢ on
layer lines 1 and 2. 1In the molecular transform of the
single PBZO chain there is a peak of intensity on the
meridion on 1=2 which is not observed experimentally

{Figure 4.2bh}.

In the molecular transform of the PBZ0 dimer

there is weak scattering near the meridion as well as a peak
at R=2.6 nm ~, as seen experimentally in WAXS (Figure 4.2b).
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From these calculations we can conclude that it is not
possible to explain the experimental lack of scattering on
the seéond layer line from the molecular transform. This
lack of scattering on 1=2 is apparently arising from regular

interchain axial registry at a position of 1/4 c.

It is possible to investigate the structure of PB20
fiber by examining the intenSiﬁy of reflections determined
from different PBZO unit cells using the Multislice formalism
(Chapter II). Téble 4.3 shows the intensity of‘(hkl)
reflections on the meridion and on the second order layer
line for different choices of the PBZO unit cell. The unit

cells used in Table 4.3 correspond to those shown earlier in

Figure 4.4.

Note that the best fit to the meridional.intensity at
low angles occurs for model C (1/4 up, 1/4 down), whereas the
best fit for higher scattering angles is from model A (no
axial shift). Model D shows more absences on thé'meridion
than is experimentally observed. The intensity on the second
layer line is fit best with model C, but model D also shows

the right absences.

Summarizing our results, wé»find that it is not possible
to explain the scattering behavior of PBZO at low scattering
angles (less than 6 nm-l) from the molecular transform of a

single PBZO molecule. Because of the extended chain,
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Table 4.3
Scattering Intensity Predictions
for PBZ0O using Multislice Program

and Different Choices for the PBZO Unit Cell (Figure 4.4)

Meridion
; - ' ; , ~ WAXS
Unit Cell: A - B c D
(00 0) - 92.86 92.86 92.86 92.86 - >100
(06 1) 0.10 X 0.05 X . 30
(00 2) 1.51 1.51 X X 5
(00 3) 0.22 X 0.11 X 28
(00 4) -0.09 0.09 0.09 0.09 17
(00 5) 2.34 X 1.17 X 100
(00 6) 2.04 2.04 X x 25
(00 7) 0.01 X 0.00 X 9
(00 8) 0.03 0.03 0.03 0.03 7
(00 9) 0.83 X 0.42 x 37
(00 10) 0.74 0.74 x X 42
(00 11) 0.98 b4 ; 0.49 X 41
{00 12) 0.00 0.00 0.00 0.00
Second Layer Line
WAXS,
SAED
Unit Cell: A B C D
(002) 1.51 1.51 x x x
{102) X b4 0.43 0.28 weak
(-102) X X 0.38 0.36 @ weak
(202) 0.24 0.24 X x X
(-202) 0.32 0.32 X x X
{302) x X 1.42 0.40 strng
(-302) b'e X 1.32 0.67 ~ strng
(402) 1.14 1.14 X X X
{(-402) 1.11 1.11 x x b4
(502) X X 0.47 0.44
(-502) x X 0.37 0.
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c¢olinear structure of PBZO, the scattering intensity along
the meridion should be insensitive to rotations of the phenyl
or heterocyclic group abput the chain axis. Therefore, it
appears necessary to explain the scattering intehsity
observed in terms of regular axial associations between PBZO

molecules.

We find that the molecﬁlar transform of a "dimer" con-
‘$isting of two PBZO molecules at a relative axial translation
of 1/4 ¢ explains well the scdattering intensity_along the
meridion at 5catterin§ vectors of less than 6 nm-1. For
higher angles the data fit better to the molecular transform

of a single PBZ0 molecule.

These conclusions are supported by Multislice calcula-
tions using different choices for the PBZO unit cell. Along
the meridion, the scattering at low angles is fit best by
unit cell C involving both +1/4 ¢ and -1/4 c axial tfansla-
tions between neighboring molecules. Above 6 nm_‘l (layer
line 7), the experimental data is fit best with a unit cell
having no axial shift (and therefore no systematic absences

along the meridion, as in the molecular transform).

The molecular structure of PBZ0O consistent with our
scattering data is one based on unit cell C with regular
axial shifts of both +1/4 ¢ and ~1/4 ¢ between neighboring

PBZO molecules in the a direction. The projection of this
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unit cell in the{b-directidn showing the relative axial
shifts of +1/4 ¢ and -1/4 ¢ was presented earlier

{Figu:e 2.4). As is aﬁparent from Figure 2.4, the 1/4 ¢
‘placement allows the péﬁdant hydrogens'in the middle of the
heterocyclic group to fit inte gaps created by~ five-membered
rings on the heterocyclic groups of neighboring PBZO

molecules.

Gnit:cell'c correspohés to the monclinic space group Pc
{(No. 7). 1It contaiﬁs a symmetry element consisting of a
glide plane‘oriented pepéndicular to ¢ with a gii&e'vectoi of
a/2. The unit cell parameters are a=1.19$ nm,‘b=&;3540 nm,
c=1.205 nm, y=101.2 degrees with two repeat units perkcéli.

The calculated density is 1.66 gms/cm3.

From this anaiysis we can state that a model involving -
regular axial‘shifts of 1/4 ¢ between PBZkaoleculeskclcse
packed "edge-to-edge" in the a directicn,is‘censistént with
our WAXS and SAED data. The streaking which can be seen on
upper order layer lines and the fit of the meridional
scattering to the moleéular transform at high»scéttering
angle is evidence that there is still a subStaﬁtial'amount of-
axial shift disorder in PBZO. One possibility presented here
is that there is regular placement of neighboring PBZO
molecules at 1/4 ¢ but there istéiSOrﬁer inktermsvef whether

the placement will be at +1/4 ¢ or at -1/4 €. The precise.

characterization of this shift disorder will benefit from
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higer resolution HREM images than obtained in this study
(imaging the 0.32 nm (302) spacing would be most revealing),
as well as more thorough comparison of model to better
scattering data frbm quantitative scans of PBZ0O layer lines

with an X-Ray diffractometer.
2. HREM

The total end point dose (TEPD) Je of PBZO for 200 kV
electrons was determined to be 0.8 C/cmz-from the fading of
the (200) reflection in the SAED pattern. This compares.with
the critical dose Jg of 0.2 C/cm2 determined by Adams et al.
(1989) . During irradiation, the intensity and sharpness of
the (00l1) meriodional reflections persisted even after the
loss of sharp crystalline reflections on the equator, with
the TEPD of the (003) reflection determined to be approxi-
mately 1.6 C/cm2. This indicates that the damage mechanism
involves the disruption of pécking between molecules rather
than the scission and reorientation of bonds along the fiber
axis. This behavior is similar to that seen in PBZT and |
other oriented polymers and is consistent with the weak
secondary forces betheen molecules and the strong covalent

bonds along the polymer backbone.

It was possible to obtain HREM images of the 0.55 nm
(200) and 0.34 nm (010) lattice spacings in fibers of PBZO

with various amounts of heat treatment.
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Figure 4.9 is an HREM image of a detached fragment of a
PBZO as-spun fiber. The Crystallites‘are small but all are
highly oriented with respect to one another. The optical |
transform of thekimage is inset. Careful inspecticnkshaws
that there are regions in the image which have low contrast
iateﬁsity fluctuations which are axially orieﬁted, corref
spénding to weak lateral ordering between molecules oﬁ a very
local scale.

o )

Figure 4.10 is an image of a PBZO HT 600 fiber. Again,
the crystallites are all highly oriented. However, in the
heat treated‘fibez the'crystallites havé a distinCtiy larger
mean size. 1In some HﬁEM images of heat treated PBZO it was
possible to fihd,areas which were dominated by (200) fringes,
with little or no evide#Cé‘for {310} fringes. This suggests
that these were regions exhibiting "single crystal"
orientation texturing like that seen in SAED. Eigure'é,li is

an image of such a domain.

In PBZO HT 665 domains which were rather large in fhe 
lateral direction were sometimes seen. One such domain is
showg in Figure 4.12. These results support the DF studies
of Adams et al. (1986) and Krause (1988) which sho#ed a ten-
dency for PBZ0O crystals to grow more in thé lateral than

axial direction.
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image of As-Spun PBZO. The

and compact, but are all highly
transform is inset showing both the
nm (010) spacings. A slight

nm (001) layer line is also seen

" Figure 4.9: HREM
crystallites are small
oriented. The optical
0.55 nm (200) and 0.34
indication for the 1.1







Figure 4.10: HREM image of PB2ZO HT 600. As for the As-
Spun fiber, the crystallites are all highly oriented.
However, in this heat-treated sample the crystallites are of

a larger mean diameter. The optical diffraction pattern is
inset.
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Figure 4.11: HREM image of a PBZO HT 600 fiber fragment
showing a region with a high population of (200) fringes,
supporting SAED data which showed "single crystal™
orientation texturing in thin sections. The optical
diffraction pattern shows only the (200) reflections.
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Figure 4.12: HREM image of PBZO HT 665 showing a domain
which has grown quite large in the lateral direction. The
optical diffraction pattern is inset.
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From the HREM images it was possible to characterize the
local orientation distribution of the PBZO molecular axis as
a function of heat treatment. The results of such
measurements were presented in previous chapter (Table 3.1).
It can be seen that like PBZT, PBZO is highly orlented on a
local scale. However, measurable deviations do exist; there
is a standard deviation of about 1.3 degrees of
misorientation in all of the PB2ZO fibers studied. The amount
of misorientation measured by HREM does not change
significantly with heat treatmeht. The Hermanns-Stein
orientation function is over 0.999 for all of the fiber
eemples. The orientation frequency distributions for the
PBZO samples were previously presented and compared with PBZT
in Figure 3.5. The orientation distributions are all

indicative of uniform, uniaxial orientation.

In order to analyze the crystallite sizes, shapes, and
orientations from these images, several enlargements were
made of each sample and the boundaries of the fringe domains
were determined by eye. The domains of fringes thus deter-
mined were relatively compact and limited in extent. No
systematie "rhombohedral" or other unique shapes were seen.
The maximum sizes of the domains determined in this way.were

measured in both the axial and lateral directions.

Figure 4.13 shows a plot of the crystal sizes in a) as-

spun PBZO fiber, and b) heat-treated PBZO fiber as determined
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Figure 4.13: a) Crystallite size and shape distribution
in as spun PBZO as determined by HREM. Results from DF ,
measurements from this study and from the study of Adams et
al. (1986) are also shown. b) Crystallite size and shape
distribution in heat treated PBZO as determined by HREM.
Results from DF measurements from this study and from the
study of Adams et al. (1986) are also shown.
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by both HREM and DF. The DF data shown was collected both in
this study and in the study by Adams et al. (1986). The HREM
and DF data are in general agreement, although some of the DF
measurements in&icate smaller crystallites than those ‘
observed by SRgx, This may be due to Statistical fluctuatioh
problems inherent iﬁ DF imaging (Roche and Thomas, 1988}r as
well as a difficulty in establishing the boundaries éf small

crystals on HREM image enlargements.

From tﬁese plots it is possible té méaéure the average
lateral and axial crystallite siée as a function of heat'v
treatment. These results are shown in Table 4.4. As
suggested from Figure 4,13; the crystals grow béth in the
lateral and axial diiections; althoﬁgh gréwth in the lateral
direction ié more extensive since‘ﬁhe lateral éimensions'are o
larger for the’same heat,treatﬁent. It is interesting to
- note that the ave:agé crystailite size determined for as—-spun
PBZO from HREM imaging (7.8-10.2 nm) is somewhat larger than
that determined using DF images by Adams et al. (1986}~and
Krause et ai; {5.2-5.4 nm}; This discrepancy may reflect the
fact thét it is not possible to distinguish what are truly
crystallites and what are statisticai intensi£y fluctuatiéns
in’DF imaging. It might also indicate the fact that it is
difficult to resolve smali friﬁge patterns dh iow dose HREM

images.
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Table 4.4

Crystallite Sizes (in nm)
as Determined From HREM Images

Fiber Nobs Axial Direction Lateral Direction
min max avg sd min max avg sd

- — . TS T— A G — - — — — — i T —— - — . T - - A ——— — A A T G S G . S — T - — S G—— — _—— 1 ———

PBZT HT 46 6.2 40.5 17.2 8.0 4.3 22.4 10.4 4.0
PBZO AS 30 2.3 15.4 10.2 5.0 4.3 10.2 7.8 3.0
PBZO HT 600 35 3.8 21.4 10.2 5.4 6.2 33.8 10.9 7.2
PBZO HT 665 10 7.2 28.6 14.2 7.4 7.2 54.8 19.4 13.3
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It is also possible to measure an effective crystallite
size from the broa&esing of spots ié the éptical trénsforms
of the HREM images; As in a normal diffraction experiment,
the average size of the crystallites is proportional to
D=1/kd, where kg is the full width at half maximum of the
optical diffraction spot. The areé selected with’the‘laser
beam for theée measurements corresponded to a region of
approéimately 150 nm in diameter. The results cbtained are |
summarized in Table 4,5. Note that the effective size of the
crysiéiiites determined Sy this method does not increase
substantially with heat treatment. Also, the calcalated
crysiailite sizes are’significantly lower than that actuélly
observed in the iﬁages. This shows that the crystallites
have an amount of internal disorder which causes their opti-

cal diffraction spots to broaden.

Evident in some of the optical transforms of HREM imagés
- of PBZO was diffuse scattering on the 1.2 nm (001) fiist
layer line. This confirhs that as in PBZT; there is a
significant amount of axial disorder between neighboring
molecules. Unfortunately, it has pot'yet been possible to
obtain high quality imageskcf the axial shift disorder iﬁ‘

PBZO like those cobtained for PBZT in Chapter III.

The true power of HREM imaging is in providing informa-
tion about defect struCtures at a local level. In an HREM

image of PBZO HT 600 a large crystallite exhibited one more
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Sample

PBZT
PBZO AS
PBZO 600

PBZO 665

PBZO CPD

Table 4.é '4 ‘

Crystallite Sizes from

Equatorial
Lateral Axial
(nm) (nm)
4.6 4.0
2.6 3.0
3.9 3.9
4.8 2.4
5.5 0.7

Layer Line

Lateral
(nm)

1.

0.

0.

- Optical Diffraction Patterns

0
9

8

Axial
(nm)

22.8

13.7

19.6



(200) plane coming in from the top axial boundary than
leaving from bottom axiai béﬁndafy. This is direct evidence
for an edge dislocation within the PBZO Crystal.‘.An enlarged
view of this defect is shown in Figure 4.14. Bctﬁ the
Btrger‘s vector {0.55 nm in the {100} direction) and the
‘direction of the dislocation {apﬁrcximately paraliel to the

{010] beam direction) are perpendicular’to the fiber axis.

Figure 4.15 shows an arrangement of a layer of PBZO
molecules that could explain the molecular packing which
generated this image. If the:stﬁucture given by this model
{(Figure 4.15) was repeated on every layer within the thin
PRZO section, the position of the dislocation core would be
- precisely determined. Sﬁch a model does not seem physically
reasonable, since it would require thé mutual segregation‘af
a number of chain eﬁds which were all oriented in the same
direction. 1In fact, the image does not show a well defined
éislccatisn core regicn. Note that incorporation of the
dislocatio# requires an amount of tilt to be’inducedyin one
section éf the crystal. Close inspection of the HREM imégef
accomplished by viewing the micrégraph at a'gléncing angle in
the &ireétécn of the fringes, shbws that similar tilting of

the PBZO lattice occurs near the actual defect.

Such an edge dislocation may serve as a nucleus for
fracture or for the segregaticn of solvents and other

impurities. Also, it may facilitate or frustrate certain

186



Figure 4.14: High magnification view of an HREM imace
of PBZO HT 600 showing a region containing an edge
dislocation. The direction of the dislocation is
approximately parallel to the [010] viewing direction, and
the Burger's vector is 0.55 nm in the (010) direction,
corresponding to an extra (100) plane. The location of the
dislocation is best determined by viewing the image from a
glancing angle along the direction of the fringes.
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Figure 4.15: Model of an extra (100) plane which would
explain the image in Figure 4.14. The lack of a well defined
dislocation core in the image suggests the direction of the
dislocation is not well determined. , '




-~

slip systems of the PBZO crysﬁallite during shear

deformation. Since the Burger's vector and thé dislocation
orientation are both perpéndicalar to the chain axis, it is
difficult to envision simple mcleéular méchénisms for thé

" motion of this dislocation withoutvinvciving covalent boad

bending or climb of an entire plane of molecules.

Images containing crystals with internal dislocation
defects were uncommon. This is apparently because the
average crystals’ére So small that most of the disorder is
taken up in the gﬁain boundary regions. Most of the PBZO
crystéis seemed more or less "perfect", yet ciése inspéction
of the images shows that the lattice oxientation'within :

certain crystals undergoes subtle fluctuations.
3. Critically Point Dried PBZO Fiber

Figure 4.16 is a series of optical micrographs of the
we§ PBZO fiber, the critical point~dried fiber {CPD}, and thg
critical point dried aﬁd heat treated fiber (CPD HT). Note
that there is some shrinkage of the fiber during tﬁe critical
point dryigg procedure. Table 4.6 Shows’the diameter of the
fiber measured from OM cﬁservaticn and with a micrometer.
The;valuestdetermined by the micrometer are slightly lower

than those seen in GH; perhaps due to samgle compression

during the measurement.
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Figure 4.16: Optical micrographs of a) wet PBZO fiber,
b) Critically Point Dried PBZO fiber, and c) Critically Point
Dried and Heat Treated PBZO fiber.
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Table 4.7
PBZO Fiber Diameters during

Critical Point Drying

Fiber OM Diameter Micrometer Diameter
: microns microns

Wet AS 50-60 48

CPD . 42-50 38

CPD-HT 35-40 28




It is of interest to note that “kisks“ observed on the
surface of wet PBZO fiber are approximately per§e§dicuiar to
the fiber axis. These kinks were induced mereiy by sample
manipulation. This crientaticn‘is quite different from the
kink orientation seen in the dried fiber {(Chapter V). Also
note that the CPD and CPD HT fiber shows dafkening due‘tc
kink bands which héve formed across the entire fiberg but
these kinks are not as éharp and well éefined\as those in
tensioned dried fiber (Chapter V). Also observed in
Figure 4.16 are small (5 um) indentations of unknown origin

on the fiber surface in the axial direction.

Figure 4.17 is a DF micrograph of a detached fragment of
the CPD HT fiber. ‘The‘miscrieétaticn within the fiber is
immediately evident during DF bbservaﬁion as crystailites
from a given region of a sample come into the Bragg condition
for many different positions of the aperture or béam tilt. |
This is in shérp contrast to fibrous PBZO where the objective’
aperture must be striétly_perpenéicaiaz to the fiber axis for
crystallites to be cbserved. Régions of the fragment Shich
have apﬁarently undergone ccméressive éeforﬁaticn are seen in
Figure 4.17, but thé "kink bands" in these CPD samples are
not as sharply distinguished as in those in fragments from

dried fiber (Chapter V).

An HREM image of the CPD HT fiber is shown in

Figure 4.18. Note the relative lack of orientation as com-
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Figure 4.17: DF image of CPD HT fiber. The CPD fiber
shows considerably more misorientation than even the as-spun
fiber. ‘The boundaries between the kinked and the unkinked
regions are not nearly as distinct as those in tensioned
dried fiber (Chapter V). -
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Figure 4.18: HREM image of CPD HT fiber. Note the
dramatic amount of molecular misorientation which is
immediately apparent. An area exhibiting two different
orientations of the molecular axis in the center of this

image providés direct evidence for a lateral chain rotation
-boundary (Chapter VI).
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pared to the fiber samples. Analysis of the orientation
distribution (Table 3.1) shows that the CPD fiber shows con-
siderably more misorientation (7.86 degrees S.D.) than as-

spun or heat treated PBZO.

The origin of this misorientation apparently comés from
a partial collapse of the PBZO microfibrillar network as the
water is removed. These results emphasize why it is impor-
 tant to'maintain tension on the fiber during drying so that
this misorientation does not occur. When the microfibrillar
network collapses, it is reasonable to imagine that there are
some microfibrils which are not able to pack together well as
théy become cioser to one another. Without applied tension,
microfibrils which are joined to other microfibrils at Y-
junctions will be fofced to misorient in order to accomodate
one other as the collapse proceeds. In fact, it is well
known that if tension is not placed on the fiber during
drying the stresses will become large enough for the fiber to

develop a high density of kinks.

It was not possible to completely preserve the "open"
nature of the PB20 microfibrillar network by critical point
drying. The images shown have evidence for overlapping
grains indicative of superposition within the thickness of
the film. These images of overlapping crystals emphasize
that projection problems are always a concern in HREM images

and that thin sections are extremely important for reliable
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image interpretation. Nevertheless, this image provides
direct evidence for a lateral chain rotation boundary between
PBZ0O crystallites. These boundaries will be discussed in

more detail in Chapter VI.

D. Discussion

It is of interest to compare the results abeti ctySta§
size, size disﬁribnticns, and shape for PBZ?»ahd‘PBZG with
thosé for other materials. Theoriés éné exPerimentalfdata
'fcz normal grain growth in pure, single phase 3ys£ems have
recently been‘reviewed by Atkinson (1988) . Receh: insi§ht
about the details of grain growth have been provideé by 2-D
Monte Carlo simhlations {Aﬁdérsonf Sroicvitz, Grest, and
Sahni, 1984) which enable specific aspects about the §£ain
size and shape distribution to be analyzed'(Srolcvitz,

Anderson, Sahni, and Grest, 1984).

The ccmputer simulations show a frequency-grain size
distribution which is peaked near the average grain size Ra
{Srolovitszet al., 1984). The maximum giain size Rmax is
approximately 2.5 Ra, agd the minimum size is about 3,1‘Ra.
Analysis of the growth rate of each grain as a function of
size R/Ra shows that for grains larger than Ra the growth‘
rate d(R/Ra)/dt is randomly distributed about zero, whereas

for small grains the rate becomes strongly negative. This
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indicates that small grains have a strong tendency to
decrease in size, whereas large grains are both increasing

and decreasing in size in a more or less random fashion.

The breadth of the crystal size distributions seen in
HREM and DE for PBZT and PBZO are in general agreement with
these results. However, the chain connectivity and extremely
anisotropic nature of grain boundary energies suggest that
the dynamics and energetics of grain boundaries in polymer
solids will be.significantly different than those of metals
and oxides. Further investigations which provide more
information about the nature of grain growth in polymeric
solids is important to further elucidate the differences

between metallic, ionic, and covalently bonded solids.

Initial 2-D Monte Carlo simulations have shown that
grain boundary energy anisotropy causes broadening of the
crystal size distribution, giving rise te a microstructure
with large grains and extended regions of small grains
(Grest, Sfolovitz, and Anderson, 1985). This anistropy was
also observed to decrease the grein growth kinetics, and to
give rise to grains with preferential shapes. Also, grain
boundary anisotropy caused intergrain orientatioﬁ correla-
tions, but these correlations were limited to a few times Ra

for the potentials used (Grest et al., 1985).
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It is appropriate to discuss here an observation which
was NOT made in this study which glght have been expected
The SAXS patterns by Adams and Grubb (13888} confirm that PBZO
flber has a tendency to develop perlodlc fluctutions in
electron density at specific aﬁgles to the fiber axié. The
characteristic dimensicné of the four-point patterns is on
the order of 8 nm, and the diffuse regions of diffracted SAXS
intensity make an angle of approximately 57 degrées wiﬁh the

fiber axis (Adams et al., 1986).

This characteristic dimension éf'the SAXS scattering
(8 gm} corresponds with the average size of a PBZ0O |
crystallite (10 nm). Therefore, it seems reasonable that the
four—-point SAXS patterns arise from arrangements of
crystallites which have a‘preferential shape. In particﬁlar,
it seems apparent that axial grain boundaries of PBZO |
crystallites have a propensity to orient themselves at spe-
cific angles to the fiber axis. From‘WAXS, we féund thaﬁ
there were sharp refléctions daé té §ocd packing ih {302}
planes. ©Notably, these strsﬁg {302) refietticns make an
angle of 57 degrees with the fiber axis. This suggests that
thé (302) planes maf have a dominant réle in tﬁe origin of
the four-point paﬁtern; A specific model is that the {302)
planes often serve as‘axiai grain boundaties for PBZO
crystallites. A model of such a PBZ0 crystallite with (302)
faces is shown in Figure 4.19. Calculations of the shape

transform of such a crystallite shows a four-point pattern
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Figure 4.19: Model to explain the origin of the four-
point SAXS pattern in terms of crystallites with axial chain
invariant boundaries (Chapter VI). The planes which
describe the boundaries of the PBZO crystallites are the
(302) planes whose WAXS reflections were seen to sharpen and
increase in intensity after heat treatment (Figure 4.2b).

203




which is similar to that of the PB20 SAXS data. The question
is, why aren't such regular grain boundary shapes visible in

HREM and DF studies?

A réascnable explanéticn for the iack’of observatics of
crystaliites with a unique shape by HREM is that the axial
gﬁain boundaries are simply ﬁat localized and flat enough to.
give interpretable 9rojections. Another 'is tﬁat the orieh;
tation of the boundary is such that to be visuaiized properly
it is necessary io project the crystallite in a direction
which does not correspond to a'gccd viewing direction where
*fringes™ cén be seen., Another reason might be that wefsim— :
ply have not yet obtained enough iﬁages to find a region of
the sample in which the supposed characteristit shape of the

PBZO crystallites can be clearly seen,

It should be noted that it isygossible td find
"rhombochedal” shaped crystailites in P?TA thin films,’ A
recent studiy by Roche, Allen, Gabara, énd Cox (1989; sub-
mitted) showedkrhombohedral crystals for PPTAESulfuric acid
solutio§S‘which'§ere sheared and then slowly coagulated by
exposure to atmospheric moisﬁure. The axial bouﬁdaries ef’
the crystallites cbserved in OM and Tﬁﬁyweré inclined at a
significant éngle (appréximatéiy 55 degrees} to the éxis cfk
orientation of the PPTA molecules. It was thoﬁgﬁt that these
structures were representative of a crystal solvate phase

which formed ﬁuring slow coagaulation. Although a physical
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explanation for the rhombohedral shapes was not discussed,
they apparently arise because of low energy axial grain
boundaries which prefer to form at specific orientations with

the molecular axis.

E. Conclusions

WAXS and SAED patterns of PBZO show an increase in
three-dimensional crystallinity’as a function of heat
treatment. There is a strong off—axis reflection on the
second order layer line which increases in intensity and

becomes more localized as the fibers are heat treated.

SAED of PBZO showed that thin sections cquld exhibit
ﬁexturing indicative of a preferential orientation of the
(010) direction parallel to the electron beam. This corre-~
sponds to a tendency.fbr the molecule to lie "flat" in the
pléne of the film. This phenomena enabled the strong off-
axis reflections to be iﬁdexed as (362), corresponding to
regular axial regisﬁry’of 1/4 ¢ between molecules in the

(100) direction.
!

The unit cell proposed for PBZO corresponds to the
monclinic space group Pc (No. 7). The unit cell parameters

are a=1.196 nm, b=0.3540 nm, c=1.205 nm, ¥=101.2 degrees with
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two repeat units per cell. The calculated density is

1.66 gms/cm3.

HREM images of PBZ0 show 0.55 nm %né 0.35 nm friﬁges
cerres?onding to the closest lateral packing betwéen
molecules. The orientation distributions are agaih dete:-
mined, with a standard deviation of approximately |
1.3 degrees. The amount of miso:ientation‘deter&ined by HREM

does not vary significantly‘as a function of heat treatment.

Crystallite sizes determined by ﬁREM aré consistent with
earlier observations by_ﬁ? that PBZO céystéllités gr0w more
in the 1ate£al than the axial directions. The results of
crystallite‘size measurements determined by HREM and DF mea-
surements were compared directly. It was shéwﬁ that crys—‘
tallite sizes determinedlby HREM were slightly isrger'thaﬁ
thése éetérmined by DF, indicating that eiﬁher DF is sensi-
“tive to S&all fluctuations iﬁystruéture whﬁch aré not due to
crystalline crdering,‘or that it is difficult to distinguish
regions of small crystallineféréering inylbw dose EREM images

by eye,.

C:ystallite sizes determined by the breadth of spots in
the optical transform were systematically smaller than those
determined directly from HREM images. This suggests that the

crystallites have disorder within them that causes the

B

206



optical diffraction spots to smear more than can be

attributed simply to crystallite size.

Evidence for an edge dislocation defect oriented in the
[010] direction with a Burger's vector of [100] was observed
within a PBZO crystallite. 'This type of edge dislocation is
unique in that both the dislocation direction and Burger's
vector are perpendicular to the primary axis of oriéntation.
Such a defect could be formed by the mutual segregation of a

number of similarly oriented chain ends along the dislocation

line.
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CHAPTER V: MICROMECHANISMS OF COMPRESSIVE,PLASTIC'

DEFORMATION IN RIGID-ROD POLYMER FIBERS

As discussed in Chaptér I, the tensile moduli and
strengths of rigid-rod polymer fibers are excellent.~ Theo-
retical predictions of PBST aﬁﬁ PBZO modulus have beeh
obtained by Adams et(al. {1987) an& by Weirshke {1988} using
semi-empirical quantum mechanical (Minimum Neglect of
. Differential Overlap) methods. The‘tﬁecretically predicted
moduli of trans-PBZT and cis-PBZO are 605 and 730 GP&,
respectively (Weirshke, 1988). The PBZO HT 600 ﬁse& in this
study has a tenéile modulus of 317 GPa (Table 4.1), showing
that nearly 50% of thevthsoretically predicted modulus’has
now been obtained experimentally. Likewise, the tensile
strength (4.9 GPa for PBZO HT 600) is excellent. For PBZT,
tensile moduli of 330 GPa and tensiie strengths of 4.2 GPa
" have been observed. However, both PBZO and PBZT fibers aie
about a factor of 10 weaker in compression, with failure

occurring by strain localization into kink bands.

This yrcbiem‘haé become a se&ere‘limitation for the
application of rigid—zod pélymers in‘structural components,
Hence, a deeper understanding of thé molecular motions
involved in kinking is a.criticalycancern'for future success
in the design and processing of high strehgth; high modulus

polymer fibers.
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This chapter provideé a detailed study of kink bands in
rigid-rod polymer fibers. We investigate the morphology of
kinking using DF and HREM imaging as well the thermodynamics
‘of kink formation by quantitative measurements of kinking in
fibers during compfessive plastic deformation. We discuss a
model for kinking which involves the nucleation and growth of
a kink across a fiber and describe the molecular motions
involved in this deformation prodess. ‘The kink band is
envisioned to be a region of shear deformation separated from
- the undeformed part of the sample by high angle axial chain
rotation grain bbundaries and partial edge disloqations} The
information and insight about the molecular mechanisms and
energetics of kinking obtained by this study ;hould prove
valuable to those intereéted in improving the limited

compressive strength of these materials.

A. Introduction

The concept of kinking as a deformation mechanism was
introduced by Orowan (1942). Both deformation twinning and
'kinking involve the shear of a local region of material
within an originally undeformed sample. Kinking is distinct
from deformation twinning, however, in that the lattice
inside the sheared zone need not be a mirror image of the
undeformed structure. Likewise, the boundary between the

kinked and unkinked regions need not be a crystallographic
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plane. Orowan proposed a geometric relationship describing
the likely angles for kinking based on the argument that the
angle ofvfetation should preserve lateral interactions
~between glide planes. Orowan's paper concerned kinké which
had formed completely across the sampie and did not elaborate
on how such a deformation structure might nﬁcleéte and subse-

guently gréw in an initially undeformed sample.

Frank and Stroh (1952) developed a theory of kinking
which considered the stability of a lenticular shapéé,kink in
~an isctzopéc, continuous, linearly éiastic medium; The |
boundary of the kink<was énvisioned to be fcrmed fﬁo& a num-—
ber of edge dislocations. The energy of the kink was ratio-
nalized in terms of the macroscopic stress field of the dis-
locations, a microscopic stress field characteristic of the
dislocation cores, and the‘energy released éﬂ:ing the shear
deformation involved in kinking. Frank and Stroh predicted
that for a given applied shear stress there was a critical
size L for kiﬁk‘stébiiity. Kinks larger than L could ﬁeéuce
the energy of the system by §zowing. The model predicts that
the shea: stress k4 requiréﬁ to make a kinkrcf’size L

propagate in a mediam'ef shear modulus G is given«by

1 =6 (g b/2 )t/2

(5.1)
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where b is the Burger's vector of the dislocations along the
kink boundary and g is the shear strain within the kink.
Although this analysis treats only the energetic stability of
kinks which have somehow already formed, it is possible to
imagine that there will always be some "effective" kink
nucleus size which is determined by local defects and other

structural fluctuations.

Argon developed a theory for the initiation of kinks in
oriented composites (1972). His analysis considered the
stress necessary to induce a shear collapse instability. The
instability occurs because a compressive stress along the
orientation direction causes locally misaligned elements to
experience a relative shear stress which depends on the mis-
orientation angle wo; The model calculated the stresé nec-
essary to propagate a region of shear collapse across the
sample. The change in elastic energy near the kink-collapse
nucleus was modeled with a pair of édge dislocations. At the
onset of the insﬁability, Argon predicted that the stress

would be given simply by

Oc = T4/9,
(5.2)

where Ts is the plastic shear strength of the matrix.

Kink band formation is a general observation in the

compressive failure of oriented polymers. Zaukelies (1962)
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was the first to document kinking during ccmpresSian of ori-
ented gclyme:s. He studied kinks‘infhighly oriented nylon
6,6 and nylon 6,10’fibers by OM and BF TEM of surface repli-
cas of cleaved samples and interpreted his results ih terms
of specific slip systems based on close packed directions in
the polymer unit cell. He envisioned the structure of the
vsemicrystalline polymer fiber~as essentially a large, highly
defective single crystal. The kinks were iateraily broad (up
to 1 mm) and limited in axial extent (less than 2 Hm,
sometimes as small as 150 nm) . The interface Seﬁween kinked
and unkinked material was sharp (thickness'}ess thahkSO nm} .
Bcﬁble orientation indﬁced by rolling the sample caused the
kinks to form only in directions consistent with slip on
(010) planes. Observations of singly oriented fibers showed
the kinks to make a uniform ahgle with the orientation
direction but with a random distribution about the fiber

axis.

. Z2aukelies did noﬁ consider thé guestions of kink nucle-
ation and growth. &everthéless, the observation that kinks
form at specific angles with respect to the fiber axis in
singly oriented fibers suggesﬁs that the nucleatian of a kink4
specifies the angle of kinking whiéh then grows by forcing
crystallites to coopératively deform in a manner which

preserves the initial orientation of the deformation band.
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Seto and Tajima studied kink bands in oriented
pclyethylene (PE) by OM, BF TEM of surface replicas, WAXS,
and SAXS (1966). Again, kinks.were found to form at
characteristic angles. 'The angle of kinking was  found to
depend on prior heat treatment as well as the temperature of
deformation. The angle of .the kink boundcry with respéct to
the fber axis was 52 degrees ét room temperature, bct
decreased to 48 degrees when the PE had been annealed at 80 C
for 30 minutes. For samples deformed at low temperatures, an
" angle of 72 degrees was observed. The boundary between the
kinked and unkinked material was sharp (approximately 50 nm).
Like Zaukelies, Seto and Tajima found that crystalline slip
was useful in understanding the deformation processes
involved in kinking. WAXS confirmed that rotation of the
chain axis occurred during kinking. SAXS scattering showed
that reorientation of the PE lamellae was occurring within

the kink band region due to interlamellar slip along the c-

axis.

Robertson (1969) found that kinks form easily in ori-
ented crystalline poiymers (PE and isotactic polypropylene
(PP)), but were not present in oriented glassy polymers. A
BF surface replica image of a propagating kink front in PE
.showed that the included angle of the kink was very small
(0.5 degrees). During deformation, the kinks were observed
to lengthen by the tip "shooting forward", accompanied by |

widening of the kink without an apparent change in the ori-
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entation of fibrils within the kink. Kinks iniﬁiated at
stress concentrations such’és the sample clamps, and could be
" induced to éccurfat deliberate flaws. It was suggested that
&ink initiation involved the formation of "S—shaped curves"
due to shear stresses followed by strain localization
invélving'coiiapse of fibrils below a critical radius of
curvature. It was proposed that the sﬁructurél features -
which promote kink formation were the resistance of the ori-
ented fibrils to length changes and the easy slip between

fibrils.

Shigematsu, Imada, and Takayanagi (1975) stuéigd further
the morphology of kinks in oriented PE and were able tog
distinguish between the contributions due to uniform c—axis
shear and intercrystalline slip by measaring both the angle
of chain axis rotation as well as the resulting orientation
of crystalline lamellae within the kiﬁk.’ From the observed
an§le of chain rotation {794?5 degrées}, inclinaﬁicn of the
kink boundary (50-55 éegrées)f and angle between 1améllae and
chain axis within the kink (55-60 degrees), it was éoncluéeé
that both mechanisms must be involved in the deformation
process and :hat'thé‘relative contributionskéf each'might

depend on deformation temperature.

Attenburrow and Basset (1979) investigated kinking,dtr-
ing a study of the compliances and failure modes of chain-

extended PE and found that the angle between the chaiﬁ axis
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and lamellae within the kink was consistent with a uniform c
'axis shear deformation. Some of the kink bands were observed
to be very small in axial extent, approaching nearly the
lamellar thickness (50 nm). The uniformity of shear within
the kink band as compared to conventional PE was rationalized
in terms of the decreased shear resistance of the lamellar

'crystals in the chain extended material.

From these étudies it is apparent that lamellar organi-
zation in PE restricts the uniformity of shear deformation in
; compreésion. The deformation in oriented lamellar PE is
characterized by "blocky" shear, whereas the extended chain

conformation of PE facilitates "fine"™ shear.

The largest known polymer single crystals (up to 1 mm
size or larger) aré prepared from solid-state polymerization
of large crystals of monomer. Typical éxamples include
~ polymeric sulphur nitride (SN)x and polymerized diacetylenes.
Because of their unique ﬁethod of synthesis, such single
crystal polymers have quite different microstructures than
polymeré prepared by more traditional synthetic and

processing routes.

Young and Baughman (1978) studied shear-induced marten-
sitic'phase transformations in polymeric sulphur nitride
(SN)x and found that a conventional deformation twinning

model explained well the geometry of the process. Petermann
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and Schultz (1979) studied kinking in (SN)x in ﬁcre detail by
BF, DF, and SAEé, As in the other cases discussed so far, |
the kinks #ere laterally broad {usually crossing the entire
sample) énd of limited axiél extent (200 nm), with sharp
boundaries (50 nm) betweén kinked and unkinked material. It
was obseréed that the?e was a considerable amount of'voiding
and fibrillaticn'withia (SN)x kink bénds., Petermann andr
Shultz developed a model invclving the nucleation and growth
of kinks th:ough the acﬁionkof defécts moving frém "sources"
to "sinks" correspondiag'to local regions of tension'and 4
compression, respectively. These defects were presumed to
represent regions of local internal ccnfcrmational changes
within the polymer chains. Such a mechanism does not seem
likely to sﬁccéssfuily eﬁplain the origin of PBZ0 and PBIT
kinké; since internal coﬁformationai changes ére’nct‘

reasonable given the fuiiy extended chain structure.

Defcrmatioh tﬁinning'has alsb~been useful in ﬁeécribing
tﬁe geometéy of lccalkdeformaéion zones in single crystals of
poly{diacetylene} {Yeungf Bloér,‘éétcheléer;’and Hubble,
{1978} ; Young, Bulniék, Batchelder, and Bloor, {;9?9);
Robinson, i’éungf Galiotis, Young, and Batéhe}.cierf (1986) ) .
The geometry of twinning is Sho&n in Figure 5.1. 'It‘is pos-
sible to charactérize the geometry of é4twin by ﬁefiﬁing the
directions nl’an and planes K1 and Kz {Reed~Hill,{19?3).
The applicability of twinning moﬁelé to pclymer'crystals was

shown by Bevis (1978) who incorporated the influenéé of
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Plane of
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Figure 5.1: Schematic of the geometry of twinning. The
twin is characterized by directions n, (the shear direction)
and n. (the intersection of the plane”of shear with K,), and
the pianes K. (the twinning plane) and K (the second
undistorted plane). Adapted from Reed-HI1l (1973).




molecular connectivity by éfawiﬁg‘a distinction between chain
axis invariant and chain axis rctation'twins. Chain axis -
invariant tsins preserve the crientatich of the chain axis
and therefore &Q not require benéing’of'chains attthe twin
interface. Chain axis rotation twins do require a rétaticn
of the chaih and therefore are expected to'beiaf higher
energy. For chain axis invariant twins, the chain axis lies
in'the K1 plane. For chain axis rotation’twinsr the chain
kaxis is in the plane K2. |
Young et al. (1978) examined deformation twins in
cleaved crYstals of4poly(diacetylene} by SEM. The twins‘wére.
laterally broad (100 um or more), limited in axial extent N
(1-10 um), and had sharp boundaries (tc the limit of the SEM,
approximatelyliﬁ‘nm}; The twinning planes were determined
from the observed angle of deformation and the known
crystallographic index of the crystai cleavage face. It was
fcsnd that several different twinning moéeskwefe gosSible in
the palydiacetylene TSHD inciudin§ twins’with K1={OE2} and
(212) as well as possibly (212) and (202). However in
polyDCHD only twins with Ki={232} were seen (1986). This was
explained in terms of the packing of the planar backbone and
bulky side groups which limit the possible slip systems in

the polyDCHD material.

It was noted by Young et al. (1978, 1979) that if the

boundary of a deformation twin is not strictly parallel to K,
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then the boundary'is necessafily incoherent, and therefore
requires a distribution of dislocations to accommodate this
deviation. It was proposed that the boundary of a lenticular
shaped deformation twin can be envisioned as a number of edge
dislocations separated by chain tilt grain boundariesf The
stresses int:bduced into the material by such a dislocation
array were correlateq with cracks'pérallel to the [001)
direction which were often seen in the poly(diacetylene)

matrix near deformation twins.

The morphology of kinks in a semi—rigid'polymer fiber
PPTA (Kevlar) Qas studied by Takahashi, Miura, and Sakuri
(1983). The kinks were introduced by axial compression of a
cylindriéal block of 2-hydroxyproplyl methacrylate in which
PPTA fibers were embedded. Deformed fibers were removed by
treating with dimethyl sulfoxide. The morphology of the
kinks was studied by OM, WAXS, BF, DF, and SAED. It was
found that kinking occurs primarily by (200) [001] slip cor-
responding to shear betwéen hydrogen bonded planés.of
molecules. It was also observed that there was non-unifor-
mity of strain within the kink band, as well_as sharp (50 nm)
boundaries between the kink and the undeformed fiber.
Because of the cylindrically symmetric orientation of tﬁe
hydrogen bonded planes in PPTA fiber, (200) [001] slip leads
to helical kinks which wind their way along the PPTA fiber

(DeTeresa, Allen, Farris, and Porter, 1984). DeTeresa (1986)
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found that kinking PPTA (3% compressive strain) caused only a

small loss in tensile strength.

Kinks have long been known to be characteristic of cgm—k
pressive failure in rigid-rod polymers (Allen et al.; 1981)
and have alsoc been seen in,PBZT-epoxy ébmgosites {Cohen and

Thomas, 1988).

DeTeresa investigated the behavicr,ﬁf’high performaﬁce
fibers iﬁ compression and was able to devise a bending beém
experiment to characterize the critical stréin‘for kink ini-
tiation (DeTeresa 1986; DeTeresaf Porter, and Farris; 1988} .
Allen (1988) has used visual inspection for kinks in faile&
fiber to develop an elastic recoil test for éefermining the

compressive failure stress.

A model for the onset of kink formation in terms of an
elaétic buckling instability in polymer fibers has been pre-
sented (DeTeresa, Porter, and Farris, 1985). This model
- predicts a correlation cf;compressive strength with longitu-
dinal shear modulus of the fibré, which has’experimental
support from data for several high performahce fiber materi-
éls including PBZTf‘PPTA, and graphite (DeTeresa et al.,
1988) . Allen (1988) has investigated the stress dependence
of the torsional modulus of several goiymerlfibers'and findé

in general that it increases with appliéd tension, suggesting
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an instability in compression when the applied stress would

cause the torsional modulus to become equal to zero.

DeTeresa et al. (1988) comment that the model proposed
by Argon (equation 552) does not seeem consistent with the
observation that the compressive strengths of PBZT and Keviar
are not particularly sensitive to the overall fiber
orientation (Allen, private communication). Also, the Argon
modél predicts a drastic reduction in compressive strength
. for small changes in misorientation. This sensitivity is not
observed experimeptéllyvin compressive strength tests of
fiber composites with different amount of misofientatibn‘
(DeTeresa, private communication). HoWever, since kink ini-
tiation is a local process, it is still possible that it is
not the .overall orientation but the fiber orientation
'distribution that is important. Careful tests of the
}relationship between compressive strength and the details of

molecular orientation distributions have yet to be performed.

In SEM studies of PBZT (Allen, 1983) and PBZO (Adams,
Vezie, and Krause, 1988) evidence for kink bands is often
éeen on fiber surfaces. Inspection of these imaées showed
that the kinké often occur in bundles, making it difficult to
- distinguish between single and multiple kink bands. The
kinks were laterally broad (as large as the sample) and the
boundaries between kinked and unkinked fiber was sharp to the

resolution limit of the SEM (approximately 20 nm). Sometimes
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small, apparently individual kinks were noted which were
Eiméted in axial extent {(as small as 200 nm) . At times,
abrupt surface fgatures indicative of large, locél plastic
deformatién and the lateral, cutwaré "extrusion" of material

were seen.

From these studies, we can sammarize'sevéral consistent
features about kinking iﬁ oriented polymers. The kinks are
laterally very broad (at times as wide as the samplei yet
limited in axiéi extent (less than 2 pm). The interface be-
tween the kinked and unkinked regionsjié #ery sharp
(approximately 50 nm), but detaileﬁ4information about the
deformation close to the kink boundary‘in all of the past
studies has been 1imited'by'thé resolution of conventiona;

characterization techniques.

In PPTA, most of the tensile,strehgth af‘the fiber is
'maintaiaeé after kiﬁks have been introduced (DeTeresa, 1985) .
This suggests that bond bending or reériegtation is involved
at the kink boundéry rather than chain ﬁreakage. <Tanner;
Dhingra, ahd Pigliacampi'{1986} have postulated that the‘
kinking process in PPTA can be explained by a trans-to-cis
conformational change of an individﬁal4PPTA molecule. Such a
local écnformatiénal change may very well bé invélved in
formation of the PPTA kink boundary and for determining PPTA
kink boundary angles which are of relatively lcw’energy;

He&éver, this mechanism says little about the cooperative
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nature of the deformation process. Likewisé, it does not
explain how kinks can grow at specified angles even when the
local orientation of the crystallites is such that easy
trans-cis conformational changes are not possible to

. accommodate the strain. Finally, there are no such easy

conformational changes in the rigid polymers PBZT and PBZO.

Because of the outstanding questions about kinking
mechanisms and because of the particular technological and
scientific interest of this problem, we initiated this workr
to systematically examine the ultrastructure and
thermodynamics of kinks in rigid-rod polymer fibers. We
>wished to determine how the unique nature of molecular
packing in these materials influenced the resulting kink
morpholoéy.‘ Also, we wished to understand better how
materials compriséd of highly oriented, completely stiff
molecules. could generate deformation iones in which there was

a great deal of plastic strain.

In the following sections we investigate the molecular
mechanisms of deformation which accompany compressive failure
in rigid-rod polymer fibers. In particular, our use of HREM
ﬁrovides a powerful tool for obtaining previously unavailable

information about structural evolution near and within kink

bands. .
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B. Experimental

The fibers used in‘this study were heat-treated PBZT
(Aftech II) and PBZO AS, HT 600, and HT 665. These samples
were greviously discussed in Chapters III and IV. Samples
could be kinked in one of three ways. tKihks may scéetimes
form simply from sémple manipulation. Many'kinks may be pur-
peseiy’introduced due to unifoim compression duriﬁg |
thermoplastic matrix shrinkage {foi example, nyioh Crystal—
lized from formic acid solution) (DeTeresa, Farris, and
Porter, 1982). Kinks may be pﬁrpcsely introduced by floating
the fibers in water and expdsing the SﬁSPeﬁsién‘to a Branson
Sonifer 185 cell disruptei (20 kHz, 25 watt oscillation for 5

minutes).

The morphology of the kinks was investigated by OM, BF,
DF, SAED, and HREM. Samples for EM were prepared by the
detachment replicaticn technique described in detail in

Chapter 1II.
C. Results

Figure 5.2 shows OM micrographs of kinks in various heat
tréateé‘Pst fibers. The kinks sho#n‘inirigure 5.2 éeré
produced by sample manipulation. The kinks visible in GMv
were at a well defined ahgle to the fiber axis. Table 5.1

shows the angle © of the kink boundary with respect to the
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Figure 5.2: Optical micrographs of kinks in PBZO
fibers: (A) As Spun, (B) HT 600, and (C) HT 665. The angle
© is defined as the angle between the boundary of the kink
and the fiber axis.
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Table 5.1

Angle of Kink With Respect to Fiber Axis
From Optical Microscopy

Fiber Angle S.D.
PBZT | 72.6 7.8
PBZO As Spun 75.4 2.6
PBZO HT 600 ~ 68.6 4.8

PBZO HT 665 66.4 4.0




fiber axis for PBZO as a function of heat treatment. These
numbers were cbtained by averaging over at least 25 kinks for 4
each material. There seems to be a slight tendency for the

angle of kinking in PBZ0O to decrease with heat treatment.

Kinks were often observed during TEM investigatién qf
PBZT and PBZO fiber fragments. All of the kinks observed by
TEM were fcund to have at least one lateral edge extend com-
pletely to a free surface of the fiber fragment. This
strongly suggests that kinks initiate at the fiber surface
and then grow in towards the body of the fiber. Figuré 5.3
shows a DF image of a kink in PBZO HT SSG using the first two
equatorial reflections. Bright areas in this image cor-
res?cnd to re§ions of the sample {PBZG crystallites) that are
scattering electfons into the objective aperturé. _From the
position of the aperture in this experiment, thesé‘bright
regions correspond to areas which have good lateral packing
éﬁé are oriented in the fiber directién. By moving the
objective aperture or rotating the sample dnring‘SE imaging
it was confirmed that the material within kink bands was
misoriented but remained crystalliné. This was also
confirmed by SAED and by HREM imaging. Note ﬁhat in
‘Figare 5.3 the kink is dark, indicating that the molecules
within the kink band have undergone a large change in orien-

tation.
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Figure 5.3: Equatorial dark field image of a xink in a
PBZ0O HT 600 fiber fragment. Note the sharp boundaries
~ between the kink and the undeformed fiber.
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From Figure 5.3, note the sharp boundaries (10 nm or
less) between the kink and the undeformed fiber. Viewing the
image from the side shows that the upper boundary is very
straight (fluctuations +/- 20 nm from a line) across'the
fiber whereas the lower boundary is more meandering .
(fluctuations +/- 60 nm). Most of the kinks observed by EM
had propagated all of the way across the fiber fragment as in
Figure 5.3. Figure 5.4 shows another equatorial DF of PBZO
Hf 600 in which there is a kink which has not yet propagated
across the full thickness of the fiber fragﬁent. The size of
this kink in the direction of the fiber axis is about 30-50
nm. There is alsé a kink "bundle" at the bottom of this
image where seve:al kinks exist in a local region. Note that
the kinks seem to adoﬁt preferred orientations with respect
to the fiber axis. The measured angle (67 degrees)

corresponds well with that observed by OM.

Careful inspection of the kink which has propagated part
way across the fiber shows different features for the upper
boundary (where the local deformation is away from the body
of the fiber) and lower boundaiy (where the local deformation
is toward the body of the fiber). The change iﬁ contrast at
the upper boundary is sharp (changing from bright to dark in
6 nm), wheréas the change in contrast at the lower boundary
is more diffuse (changing from bright to dark in 15 nm).
Since the contrast in this image is related to the local

orientation of the PBZO molecules, these results imply that
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Figure 5.4: Equatorial dark field image of a kink in
PBZO HT 600 in which a kink has not propagated all of the way
across the fiber fragment. Near the bottom of the figure is
a "bundle" in which several kinks exist in the same region.
The DF image contrast shows that the upper boundary of the
isolated kink is "sharp" (bending in 6 nm), while the lower
boudary is more "diffuse® {(bending in 15 nm). The size of
the kink in the axial direction (30-50 nm) is much less than
the average size of a PBZ0 molecule (100 nm}.
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the misorientation angle as a function of distance along the
fiber is more discontinuous at the upper kink boundary than

at the 1ewer,.

Another éhatacteristic type of kinking which was iden-
tified was ah S-shaped configuration. One such insténce of
tﬁis type of kink in PBZO HT 600 C is shown in Figure 5.5.
The common features,offthése S-shaped kinks'iﬁcluée a stripe
of axially orientéd material in the center of the kink (3) as
" well as extremely Eocaiiéed bending as evidenced by 10-20 nm
bands of equatorial DF contrast near the edge of the fiber

{B).

Kink bands in PBZT and PBZO usuélly appeared to be of
uniform density, However, fibers of PBZ0O were sometimes
observed to ekhibit fibrillation and void formation inéide
the kink band. This is similar to tﬁat seen in {SN)x §y
Schultz and Petermann (1979). A BF example of such a fib-
rillated kink is shown in Figure S,S, The forméticn of
elongated voids within the kink is easily noted (A). Also,
the boundary region between areas which can be considered as
' belonging to the kinked’ané unkinked regions of the fiber is
. remarkably sharp (less thén.O.Snnm} (B). Thé irradiation of
the electron beam caused the fibrillated kink to "open up"
slightly éuring the exposure, as evidenced by rotaticnal

drift about a point centered near the kink (C). Lattice
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Figure 5.5: Equatorial Dark Field image of an S-shaped
kink in PB20 HT 600. The characteristic features of these
type of kinks include a stripe of axially oriented material
(A) as well as localized buckling near the fiber edge (B).
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Figure 5.6: Fibrillated kink in PBZO HT 665. Elongate:-l
voids can be seen within the kink (A). The boundary region
between kinked and unkinked material (B) is very sharp (less
than 0.5 nm). Irradiation caused a slight opening of the
kink during the exposure (C). Lattice resolution of the 0.5:
nm (100) planes can be discerned near the edge of the fiber
(D).
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resolution of the 0.55 nm (100) planes can be discerned in a

region near the very edge of the fiber (D).

.Figure 5.7 is a tracing of an HREM lattice image of a
kink band in PBZT. The orientation of the diffracting crys-
tallites may be determined precisely and is shown with 20 nm
long dashes as a function of position. Again, there is evi-
dence for a sharp variation in contrast near the boundary of
the kink where the deformation is away from the body of the
fiber (A), while the boundary correspondiﬁg to deformation
towards the fiber is more diffuse (B). In this BF image the
contrast changes due to mass thickness effects, suggeéting
that there is material "extrusion" or "bulging" at the uppef
surface of the kink where the deformation is away from the

body of the fiber.

Fiéure 5.8 is an HREM lattice image of a kink band in
PBZO HT 665 C. The edge of the fiber fragment is to the
right as in the previous micrographsf The&érrows on top.and
bottom indicate the mblecular direction in‘the undeformed
regions of fiber on either side of the kink. Several strik-
ing features of the deformation process are visible. The
‘local heterogeneity of the kinking strain is obvious. A tilt
boundary corresponding to an abrupt change in molecular
orientation (38 degrees over a distance of about 0.5 nm) is
seen (A). Other features such as a local curvature of the

PBZO lattice are apparent (B). Finally, note the abrupt
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~ Figure 5.7: Sketch of a HREM image of PBZT showing the
. orientation of 0.59 (100) or 0.36 (010) lattice fringes as a
function of position. The edge of the fiber as well as sharp
surface features are drawn as solid lines.
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Figure 5.8: HREM image of a kink in PBZO HT 665. The
heterogeneous nature of deformation within the kink is
evident. Sharp, high angle tilt boundaries are seen (A).
Evidence for local bending of the PBZ0 lattice is noted (B).
The nearest edge of the fiber fragment is to the right.
Sharp variations in mass thickness contrast are seen on the
upper boundary where the deformation is toward the edge of
the fiber.
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change and sharp contrast variation at the upper edge of the
kink (C). This feature is again indicative of a local change
in the thickness, indicative of a lateral failure causing

material to be "extruded" at the upper boundary.

From these and similar ‘images it is possible to measure
the geometrical features pertaining to the kink deformation
process. Figure 5.9 shows a plot of the number of occur-
rences of kinks in PBZ0 with a particular dimension in the
direction of the fiber axis. Note that there is a strong
tendency to férm kinks in the 20-30 nm size range. These TEM
‘results suggest that only the smallest features in SEM images
of fiber surfaces are due to individual kinks, and that kinks
observed in OM are due to kinks or kink‘bundles which have‘
grown to a substantial size in order to cause significant

scattering of light.

D. Discussion

- In this section-we will first review the implications of
our morphological observations iﬁ terms of fhe geometry of
kinking in rigid-polymers. We will then discuss a model for
estimating the stress distiibution around a propagating kink.
in terms of partial dislocations, and will interpret our
experimental daté in terms of:this analysis. Finally, we

will present a detailed molecular mechanism for the ini-
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Figure 5.9: Histogram of the fréquenty of observation
of a kink of a given axial size in DF images of PBZO. There
is a strong tendency to form kinks in the 20-30 nm size
range. '
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tiation and propagatiqn of kink bands in rigid-rod polymers.
‘From the insight provided by our new understanding of plastic
deformation we are able to suggest several possible schemes
for modifying microstructure and thereby improving the

compressive strength of rigid-rod polymer fibers.

Our results indicate that kinks tend to be much smaller
in the direction of the fiber axis (20-30 nm) than an average
‘molecule (100-200 nm) . Sharp, high angle tilt boundaries
between adjacent crystals have been directly imaged within
kink bands by HREM. These experimental observations confirm
that a local a cooperative bending and/or breaking of
covalently bonded polymer molecules is involved in kinking.
The strain within the kink is not homogeneous} local
crystallite misorientation, fibrillation, and bending of the

lattice have all been detected.

The fact tha; there is a characteristic angle of kinking
suggests an analogy of between kinking‘in these fibers and
that of deformation twinning in atomic crystals. Let us now
examine further this relationship in terms of the known unit
cell of rigid-rod polymers. Referring again to Figure 5.1,
Kl is the twinning plane and represents the boundary between
the kinked and unkinked regions of the fiber. ny, called the
shear direction, lies in Kl and is perpendiculéf to the

second undistorted plane Kz. The plane perpendicular to K

1
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and K2 is 8, the shear plane. The intersection of 8 with K2
is n,.
In rigid rod Crystalé the eésy slip systems are those
~which involve SIiding'parailel to the mélecular axis. These
slip planes are of general iﬁdex {hkO}. Likewise, in‘the
kinking of fibers the diréction of slip is along the fiber
~direction. Since K, is the undistorted plane which is
rotated during deférmation;fit follcws‘that'xz belcngs in the
{hk0} family an& nz'is in the direction [001} along the chain
axis. It is obvious the‘!(1 and ni are not parallel to {0013;
but from the observed angle of kiakiﬁg {Table 5.1), it is noﬁ
possibie'to index Kl and n, with small integer indices. in
Table 5.2 some possible indexiﬁg for the observed kink
geometry is presented using low index planes for the

undistorted plane Kz.

From the experimentally obsérvéﬁ‘geometry and the large
amount of shift discréér'present in these fibers
(Chapter III), it is apparent that the Qbse:ved values of Kl
do not correspond to well defined planes of crystallograéhic
order, nor is n, a high symmetry direction. This is not
particularly Surprising since'the deformation twinning mcﬁe;
is appropriate'foi large singleyérystals, whereas the
structure of PBZT and PBZO consists of smaii {io‘nm}

crystallites with a random orientation about the chain axis.
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Table 5.2

Possible Deformation Twinning Systems to
explain kinking in rigid-rod polymers

Material Angle | g Ki K2 n?

PBZT 72.6 0.627 (107 (1 0 0) [0

' (0 1 13) (01 0) [0
PBZO:

AS 75.4 "0.521 (1 0 8) (1 0 0) [0

(01 13) (01 0) [0

HT 600 68.6 0.784 (1 0 6) (1 0 0) 0]

(01 9) (0 1 0) {o

HT 665 - 66.4 0.874 (1 0 5) (1 0 0) [0

(01 9) (0 1 0) [o
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The stress field which is present around a kink which
,has not propagated fully across a fiber may be env1szaneé by
considering the accommodation strain reqaired'to inccrporate
a kink with non-parallel edges. 'Figure,s.lﬂ shows a fiber
before and after a wedge of material,un&efgoes a uniform
shear. Note that the materiél near the édge of the wedge
which deforms away from the body of the fiber is dilated énd
therefore shéuld be in relative tension. The lower edge of
the wedge is compressed and therefore would be in relative

compression.

An useful means of describing the strain field around a
propagating kink or deformation twin is in terms of partial
dislocations. The edge éisiocations involved in kinking or
twinning are "partial" because the Burg&r‘s vectors do not
necessarily correspond to a full translation of the lattice.
Also, they deform but do not disrupt the continuity of the
lattice. The use of &islocaticns to accomodate the Strains‘
near twins was described first by Vladimirskii (1947). Frank
and van éer Merwe (1949) described these as "dislocations of
second order"™. The Burger's vector of the dislocation lies
in the twin boundary, which is also the glide plane. Olson
and Cohen have suggested the name “ccherency glide |
dislocations™ to recognlze the important fact that 1att1ceyzs
deformed yet retaigs its connectivity {1986}.' A similar
dislocation is the partial edge dislocation attributed to

Shockley which occurs at a stacking fault termination’within
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Figure 5.10: Schematic diagram illustrating the
geometry of kinking. The drawing shows the case in which the
- crystalline packing is perfectly maintained after deformation
~and the boundaries of the kink band are not parallel to one
‘another. 'In order to accomodate the kink band the upper
boundary must deform away from the interior of the fiber,
whereas the lower boundary must deform toward the fiber.

This implies that the upper boundary would be in relative
tension, whereas the lower boundary would be in relative
compression.
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a crystal (Hull, 1975, Kosevich 1979). The role of

dislocations in twinning and their relationship to twin
geometry has been described by Kosevich and Boiko (1971) and

by Kosevich (1879).

 Figure 5.11 shows a model of fiber containing several
partial edge dislocations. These dislocations represent the~
local strain dilation ab&?e and ccmpression‘below the kink
front as it prcgagates across the fiber, Tﬁe Sérger*é
vectors of the edge dislocations are gainting toward the
biaterior of the fiber, representing the shear strain which
would be necessary to return the deformed region back to its
originally ahdefermeé configuration. This is the amcﬁnt of
shear induced as a dislocation passes an originally
undeformed area. Using this model, kink formation in rigid—
rod polymer fibers may be considered as the nucleation and
subseqnent propagation of a bundle of partial edge
éisiccaticns4of like sign across the bcéy of the fiber. As
shown in Figure 5.10, the strain field around the dislocation
-bundle is expected to be dilational on top of the bundle (as

drawn) and compressional on the bottom.

In the model shown in Figure 5.11, the dislocations are
separated by sharp,.coherenﬁytilt~bcundaries across whicﬁ the
rigid-rod polymers uDde:gc aiiarge, local changé in ori-
entation. This deformation will require a local bending

and/or breaking of a rigid-rod polymer molecule. This model
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Figure 5.11: Schematic of the partial dislocation mode -
of kink formation and propagation. The mechanism involves
the formation of a bundle of dislocations which propagate

across the sample. The number of dislocations in a given

kink can be determined from the observed kink geometry if the
Burger's vector is known or if one is assumed.
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is similar to that proposed by Young et al. (1978, 1979) for
deférmatian twinning in poly{digcetylene}. It is important
to note, however, that the partial eégé dislocatioas involved
iﬁ kinking of axially disordered fibers do not seem to be
well-formed and localized as they are in materials with large

crystals.

An important point to understand is that it is not nec-
essary to have a well-defined crystal lattice in'oréer to
have a dislocation. The Burger's vector of a dislocation in
a continuous substance is defined by the path integral of the
elastic displacement around the dislocation direction (Hirth
and Lothe, i982}, Dislocations can be used to describe any
inhomogeneocus strain distribution,,but this représentaticn is
not necessariiy unique {Hail, 19?5). Future’work should
clarify the applicability of dislocation models in partially

disordered systems and compare these dislocations with those

in systems with much more developed order.

By analogy wiﬁh deformation twinning, thé strains char-
acterizing the shape of the kink at the surface are indica-‘
tive of the number of dislocations present within the sample .
ifiteriorf as long as the dislocation geometry is knésn or
assumed (Kosevich and Boiko, 1971). From Figure‘s.ll, the
amount of lateral strain is d and the size of the kink in the
direction of the fiber is h. The number of dislocations

involved in making such a kink is given by h=N a and d=N b,
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where a is the projection of the Burgers' vector in the
direction of thelfiber axis and b is the projection of the
Burger's vector perpendicular to the fiber axis. From the
kink in Figure 5.4 we measure d=14 nm and h=32 nm. This
‘gives a ratio h/d = a/b = 2.3, The characteristic dimension
along the axis of the fiberwis dOOl = 1.24 nm, the monomer
repeat distance. If this number is used as a, this gives
‘b = 0.55 nm. This is close to a lateral spacing between
neighboring molecules, namely leO = 0.59 nm. Using these
values as the characteristic size for the Burger's vectors
comprising the kink gives N=25. Hence, the kinkbin Figure
5.4 maybbe modeled as a propagating bundle of 25 partial

dislocations with a=1.24 nm and b=0.59 nm.

It is possible to use this dislocation model to estimate
the form of the stress field around a propagating kink band.
Figure 5.12a shows the partial kink frovaigure 5.4 and the
positions of the dislocations determined with an extended
Burgers vector of a' = 5a = 6.2 nm. This larger value for
the Burgers vector roughly correeponds to the resolution of
the dark fie;d imege in figure 5.4. Using a larger value for
the Burgers vector simply enables us to rescale the problem
to consider a fewer number of dislocetions. Whereas before
there were 25 dislocations with the choice of a=1.24 nm, with
va'=6.2 nm there should be a net of 5 large dislocations in
this kink. The positions of these dislocations were deter-

mined by finding the intersectioﬂs of lines perpendicular to
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Figure 5.12: Dislocation stress model. (a) Detail

. from Figure 5.4 showing the kink which had not propagated

completely across the fiber. (b) Positions of the
dislocations determined using b=6.2 nm. (¢} The hydrostatic
component of the stress field around the kink using the
dislocation model. Here, hydrostatic tension is in white and
compression is in black. (d) Iso-stress contour lines.

Note the compressive side is curving down toward the body of
the fiber. ' '
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the edge of the kink with the kink boundary (FigureVS.lzb}.

During this exercise it was found that the kink had propa-
gated down and into the fiber far enough so that it was
necessary‘te include a second set of disiecétions of opposite
sign at the bottom of the kink. Hence, the outline of the
kink in Figure 5.12a can be éesciibed by 11 edge dislocations
with the Burger's vectors pointing toward the interior 6f the
fiber on the upper side of the kink, and 6 edge dislocations
with the Burger's vectors pointing toward the outer surface

of the fiber on the lower side of the kink.

The stress field around an edge éislocéﬁion in an
isotropic medium oriented with the Burgers vector parallel to
the x-axis and tﬁebéirectién of the dislocation parallel to
the y-axis is given ﬁy the following equations (Hirth and

Lothe, 1882):

6. = €y 3x% + y%)/(x® + ¥%)?
(5.3)
- 2 _ 2 2 2,2
Oyy = C ¥ (x y) /(x® + y7) A
‘ (5.4)
2 2 2 2,2
ny=cx (x™ - y")/(x" + ¥°)
"(5.5)
C=Gb/(2n (1 - v))
(5.6)
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where x and y are the positions around the kink, G is the
shear modulus, b is magnitude of the Burger's vector, and v

is Poisson's ratio.

These formulae are appropriate only for isotropic,
linearly elastic media with localized dislocations.
- Obviously, the highly anisotropic nature of PBZO and PBZT
makes it necessary to seek a rigorous solution to the stress
and strain distribution near a kink with anisotropic
dislocation theory (Steeds and Willis, 1979). Rigorous
solutions to problems in anisotropic elasticity theory may
lead to results which arebnon-intuitive (R. Farris, private
communication). However, our interest here is in
establishing the general form of the stress field around a
propagating kink in terms of a simple dislocation model.
This naive approach provides a helpful understanding of the
micromechanisms of kink nucleation and propagation. The
success of this method provides an impetus for future studies
where more realistic aspects of known material behavior can

be incorporated.

The stress field around the dislocation array for the
kink in Figuré 5.12a was solved numerically by assuming
linear elastic behavior. The stress field of the sample was
determined by the linear superposition of the individual

stress fields generated by each dislocation. The result of

this calculation is shown in Figure 5.12c where the
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hydrostatic component of thé stress fiéld‘{gxx f,syy) is
shown as a function of pcsitioﬁ around the kink; "The image
is dark where the material is preéicteé to be in‘locai |
hydraétatic cémpressicn and light where there isblccai
hyérostatic tension. Contours of constantthdiostatic )
pressure drawn at‘intervais ofys.l G are shawﬁ ih Figure

5.124.

It is apgarenﬁ that from Figures 5.12¢ and 5.12d that
there is a region of hydrostatic tension on the upper side of
the kink aﬁd'hyérostatic compression on the lower sidevcf the
kink; The kink has migrated noticeably toward the com-

pressive side, curving away from its initial trajectory.

The “sharp® and “smceth“ image ccntrast features of the
kink previously mentioned can now be ratio#alized in terms of
this stress distribution around the kink and the asymmetric
nature of the intermolecular potential function. Figure 5.13
shows a plot of a typical intermclecnlar‘potential function
{Van Vlack, 1983). In compression, the energy simpiy
increases as the repulsive forces act to resist strainr and
there is no instability. However, in tension an instabiiity
occurs at a point when the effective moﬁﬁlus {the curvature

of the energy—positian function) becomes zero.

If such an instability does occur, then the deformation

band might become pinned on the tensile boundary when
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Figure 5.13: Schematic of an asymmetric potential well.
In compression there is no instability, but in tension there

" is a point where the modulus becomes zero. Adapted from
Van Vlack (1983).
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adjacent molecules split apart in the lateral direction. The
kink would then grow by‘propagétien toward the ccmpreséi?e
side. ‘Similar indications of growth in the compressive
direction can be seen in more macroscopic kinks of carbon
fiber composites observed by OM (Evans and Adier, 1978), and
evidence fer‘axial splitting is seen in deformation twins of
poly(diacetylene) (Young e‘t}'zx}..ir 1978; Young et al., 1979).
Lateral splitting in PBZO is evident within the kink band ﬁﬁ
Figure 5.6, and is sometimes visible by SEM near kink bands

{(Adams, Vezie, and Krause, 1988).

It does not seem likely that the dislocations move
smoothly across the fiber during the deformation process.

The glide planes involved correspond to the K. planes of the

1
deformation twinning model discussed earlier, which were
found to be nén—crystallographié and oriéntedyat an oblique
angle to the covaiently bon&ed fiber axis. Therefore, it
seems reasonable that dislocation glide will §e‘sevérely
hindered in the lateral direction. A more realistic model
than uniform §Iide is the irregular nucleation of dislocation
"packets" in the region precéding the kink boundary. As
noted eariier; the c&rvature of the kink towardkthe com—
pressive side suggests that thése dislocations preferentialiy
nucleate in pairs of cpposite sign on the compressive side of

the propagating kink front. This mechanism of growth may

explain why some fully grown kinks show one kink boundary
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which is sharp and well formed, while the other is more

irregular (see for example, Figure 5.3).

Besides the problem of restricted dislocation glide, a
further complication is the non-uniformity of shear strain
which is possible within the kink. Figure 5.é shows that
while crystallinity is maintained after kinking, the strain
within the kink is very non-uniform.  We interpret this to
mean that not every K, plane within_the kink band undergoes
the same amount of shear with respect to its neighbors; In
other words, the shear within the kink is "blocky" rather
than "fine" shear. This is certainly the case in the PBZO
fiber which was seen to exhibit fibrillation within the kink
band (Figure 5.6). This non-uniformity of shear strain is
reasonable given the polycrystalline nature and small
crystallite size (approximately 10 nm (Chapters III and 1IV))
which leads toba high abundance of lateral and axial grain
boundary defects. Axial Chain Invariant (ACI) grain
boundaries (Chapter VI) will involve the intertwining of
polymer molecﬁles and therefore may be particularly resistant

to shear deformation.

For rigid—rod polymers in tension the tensile breaking
stress is about 4 GPa and the modulus is about 400 GPa, or
st/E=10-2. If we assume that the shear Stress T and shear
modulus G which éontrol kinking have the same ratio, we

obtain a value of the critical kink dimension L from the
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Frank and Stroh model equal to 1.5 microns using b = 0.5 nm.

The corresponding width of the kink is given’by the Frank and
Stroh model by the relation w=Ls/Gg, which in’6§£ case would
be 25 nm. From the histogram of kink dimensions

(Figure 5.9), we see that this is in good aéreement with our

experimental observations.

The validity of dislocation models like those discussed
here in understanding the plastic éeformaticn‘behavior of
’ disordeied syétems has been discussed by Argon (1981). 1In
'cfystalline solids, plastic deformation occurs by the famil-
iar mechanism of dislocation motion. Dislccaticn‘SOnrces
usually are‘nét widely and uniformly distributed and there-
fore the deformation always bécomes localized. The mechanism
of plasticity in disordered media such as metallic glasses is
proposed to involve a set of local shear transformations
having a distribution of free energy barriers which depend on
the free volume distributibn, The difference is that
structural disorder se§erely hinders éasy dislocation mctién;
therefore the material can support higher loads and becomes
more “activated®™, that is, it is possible to nucleate new
sources of deformation more uniformly throughout the material

than in the crystalline case. ‘ - ‘ :
In kinking of rigid-rod polymer fibers we seem to be
somewhere between these two extremes. The érientaticn of the

molecule along the fiber provides for easy slip along the
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[001] direction, but the high axial disorder, fiber symmetry,

and small crystallite size mean that the local defect
concentration is much higher than in materials with larger
crystals. These local constraints serve to provide an
increased resistance to deformation that enables the nucle-
ation of new dislocations at the propagating kink front.
Hence, we have a deformation process that becomes localized
because of the ability of the fiber to slip along its axis
and form a kink band, but .the propagation of ﬁhe kink band is
hindered by the disorder perpendicular to the fiber axis and
therefore involves the activation of new sources of

deformation at the leading edge of the kink.

To summarize, a model.for the micromechanisms of kink
deformation in rigid-rod polymer fibers is presented. First,
there is an initiation step which involves nucleation of a
bundle of edge dislocations which délineate a reéion of shear
deformation which extends to the edge of the fiber. The
driving force for the nucleation of these dislocations is the
reduction in matrix strain energy caused by the shear strain
along the kink boundaries. Once this nucleus is formed, the
angle of kinking is defined. Subsequent propagation of the
kink involves the cooperative rotation of subsegments of
neighboring polymer molecules as the kink front moves past.
~Instabilities occuf on the tensile side of the kink front
which impair dislocation motion and proﬁote propagation of

the kink toward the compressive side of the deformation zone.
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With this model of the molecular motions involved in
compressive deformation af'pclymer’fibers in mind, it is
useful to consider possible routes for improving the éom—
pressive strength of these materials. We reconfirm the con-
clusion of the buckling instability model which says it is
important to improve the shear modulus. We also find that
modifications which make it harder for kinks to initiate,
“such as surface‘haréening, would be uséful. Such a scheme
‘might involve the crcséiinking or partial gréphitizatien or

oxidation of the sample surface.

Since #e have estabilshed that lécél; sharp bending of
molecules is involved in’kiﬁking, mcleéular Structures such
as “ladders" and nsheets" which are éven more difficult to
bend than PBZT and PBZO molecules a:ekof’interest. Also,‘
modifications which impiove shéar resistance wili increase
the amount of energy required to shear the material within
the kink, and therefore will decrease the amount of energy
available for kink propagatian. AQ example might be a
molecule which becomes somehow "twisted" or "intertwined”

with its neighbors.

The axial disorder and small crystallite size in these
"materials means that the inherent kink nucleus size is prob-
ably already quite small. Dramatic improvements in crystal-

lite size and ordering will be useful if they can serve to
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improve lateral interactions, but the formation of ;ery large
PBZT or PBZO crystals may facilitate easy slip and therefore
make kinking easier. Similar arguments hold for crystal
shape. Long, thin crystals should restrict the glide of
dislocations across the fiber but will facilitate axial slip,
whereas short, oblate crystals éhould restrict axial slip but

may make it easier for lateral dislocation glide.

Similar arguments can be made about oﬁher schemes for
trying to hinder dislocation m@tion across the fiber and
therefore disrupt kink propagation. A possibility might
involve the placement of a second phase'or perhaps local
crosslinking to act as disloéation obstacles. Such
microstructural modifications will be successful only if they
do not'serve a§ kink initiation sites.

Another problem with large PBZT and PBZ0O crystallites is
that this might promote the preferential segregation of chain
ends to the crystal boundaries. This could have a
deleterious impact on mechanical properties due to the pres-
ence of well-defined flaws which would serve as kink nucle-
ation sites in compression and as pre-cracks in tension.

This argument can be extended further to consider the impor-.
tance of the molecular weight distribution. If the polydis-
persity of the molecules was small, then any tendency for
chain ends to segregate would be repeated all the way down

the fiber axis. A broad distribution in molecular length
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makes it possible for these flaws to be more randomly

distributed and therefore of lesser imgcrtance;

As a final note, it should Bekmenticneﬁ that_the‘ferma-
tion of kink bands is not necessarily a "bad" characteristic.
Kinks serve to ébsorb a substantial amount of energy and
therefore enable high performance fibers to be well suited
for appiicafgcns where tcéghness is a-primafy«con:ern. It
should be kept in mind that mcdificatiéns to improve compress
ive strength will be most useful if they can increase the
stress required for kink initiation yet still allow the
defofmatioa to precede by kinking without causing fracture
once the instability cécurs. In this way, we will have
obtained a material which is simultaneously strong, stiff;

and teugh.

*

E. Quantitative Observations of Kinking

This section will outline an experimental study of the
plastic response of rigid-rod polymér fibers under.axiai
cempression. In particular, the linear density of kink for-
mation will be deter&ined as a function of plastic strain.
This will enable én estimation of the énergy involved in

creating these deformation zones in polymer fibers.
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1. Thermodynamics of Kinking

Consider a system consisting of a fiber subjected to a
uniform axial compressive load as in Figure 5.14. After the
strain reaches a critical amount, kinks are observed to ini-
tiate within the fiber. As the amount of strain applied to

the fiber increases, more and more kinks appear.

In this énalysis, it will be assumed that the material
behaves in a purely elastic—plastic behavior. The fiber is
assumed to respond linearly up to the yield point and then
undergo plastic deformétion at the yield stress. For PBZT,
the critical strain to initiate kinking ec=0.001, the criti—

cal kinking stress is O, = 400 MPa.

The total energy density at the yield point is the area

under the stress-strain curve:

E,6 = 1/2 © €,
| (5.7)
We will assume that the fiber is able to withstand this |
aﬁount of energy density without kinking. All extra energy
put into the fiber by the action of external stresses past
this energy density is used to make kinks. .Some of this ex-
tra energy will be stored as an internal energy change, the

rest will be dissipated to the surroundings. The amount of

excess energy density increase for €_ past € is:
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Figure 5.14: Energy balance of a fiber in compression.
The energy in (Ejp) is stored as elastic energy until the
material reaches the stress required to form kinks. Further
stressing either causes more kinks to initiate or causes
already formed kinks to grow.

268



(5.8)
with assumption of ideal plasticity. The total excess energy

in the fiber is then:

Et = Ee v
(5.9)
where the volume V is given by
V=121
(5.10)

with Ay the cross-sectional area of the fiber and 1 its
length. If the strain ep causes N kinks, then the energy

used per kink is:

Ek = Et/N
(5.11)

If the number density p(ep) of kinks which occur per unit

length of fiber for a given plastic strain ep is known, then

the total number of kinks in a given length 1 of fiber with

plastic strain ep is:

N = € 1l
pley)
(5.12)
The energy per kihk can be expressed as a surface energy by

dividing by the area per kink:
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; Es = Ek/L

(5.13)
The area of a kink boundary is related to the cross-sectional

area of the fiber by the relation:

A = Ao/sin(©)

(5.14)
where © is the angle of the kink boundéry with iespect tokthe
fiber axis (Figure 5,2}; Hence, by combining the above
equations we oﬁtain the surface energy of a kink:

E, =0, €, #in{S}IP{eP}‘ |
| (5.15)
This equation shows that'fewer kinks will be initiated per |
unit of plastic strain if they are mcre energetically costly
to produce. Likewise, it preaicts that the function p(gp}
depends only on the critical stress and the surface energy of

the kink and not the area of the fiber.
2. Experimental

The geometry used in this sfudy has been used previo&s}y
by DeTeresa et al. (1988) to investigate Ec‘ the critical
strain for kink initiation. The fiber is bonded with Krylon
acrylic spray to a ciear’tensiie bar w&ich is then subjected

to a known strain. The bent configuration is observed in the
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optical microscope and the critical strain for kink formation
determined by observation. In this study we extended the
- experiment by counting the number of kinks observed as a

function of strain above the yield point.

The strain within the bent beam configuration

(Figure 5.15) is given by

e(d) = 3tv/2?(1-4/1)

(5.16)
where t is the thickness of the beaﬁ, v is the diameter of
the wedge used to deflect the beam, L is the position of the
wedge under the beam, and d is the distance from the metal
clamping plate. The strain varies linearly with d from a

2

maximum value of 3tv/2L“ at the clamping plate to zero be-

yond the wedge.

The’number of kinks as a function of distance was de-
termined by securing the sampie holder on an optical micro-
scope with a calibrated sample translation stage. The sample
was observed before and after straining so that kinks which
may have been present before the experiment could be
accounted for. The density of kinks seen before st:aining
was low (less than 1 kink/mﬁ) so that this did not pose a
serious problem. The reproducibility of feature detéction

and distance measurement by this technique was found to be

excellent.
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In TEM we found that individual kinks can be quite small
(20-30 nm) in the axial direction. During OM investigation
of the deformation of oriéinally unkinked fiber we found that
kinks initiate at relatively large separations from one
another so that they can be easily distinguished. That kinksb
are visible in OM at all implies that we are apparently
imagihg kink "bundles" which occur as a number of kipks grow

together across the fiber in a local region.

Takahashi, Miura, and Sakuri (1983) presented OM and SEM
data of a PPTA fiber that had been kinked to a sérain of 20%
in compression while held in a resin matrix. The OM and SEMv
images are similar in appearancé, indicating that the linear
density of kinks observed in OM is reasonably consistent with
ﬁhat determined by SEM. 'However, it should be kept in mind
that kink densities measured by OM can only represent only a
lower bound on the actual number of individual kinksAprésent,
and should be thought of as indicative of the number of kink

"bundles" rather than of individual kinks.

A experimentally obtained plot of the total number of
kinks visible in OM Nt vs x is shown in Figure 5.16. Note

that past a critical strain the number of kinks observed goes

up dramatically.
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Total Kinks as a Function of Position
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Figure 5.16: Typical plot of the total number of kinks
Nt seen in the optical microscope vs. position x along the
fiber. The strain is the highest at x=0. The curve was
generated by starting at large x and then counting the number
of visible kinks as a function of distance. After reaching
the critical yield strain the number of visible kinks
increases dramatically. The density of kinks induced as a
function of strain is found by taking the derivative of. this
curve with respect to x.
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Although the experimentally measured quantity was N¢ vs
x, we_wished té obtain p(sp), the density of kinks as a
function of uniform strain. However, in this experiment the
strain was not uniform. If the strain is uniform, then the

total number of kinks observed at position x would be
N = ﬁ" p(e) dx

Since e was now a function of x, in our case we have:

Ng = ﬁ"‘ p(e(x)) dx

Hence, the desired function can be obtained by taking the

(5.17)

(5.18)

derivative of the éxperimentally ﬁeasured Nt (x) with respect
to x. This gives the function p(e(x)). It would be of
interest to compare the results of the experiments described
in this chapter where €(x) varies with a jig in which &(x)

was constant.

3. Results

Figure 5.17 shows the density of kinks per mm of fiber
p(e) as a function of applied strain for PBZO as a function
of heat treatment and for Kevlar 49. Note that the strain to

initiate kinking is much lower for PBZO (0.001) than for
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Kevlar 49 (0.005). Note also that the Kevlar 49 data seems
to level off while in PBZO the kink density keeps increasing.
This is apparently due to a transition for PPTA from kink
initiation to kink growth at higher plastic strain. From the
,iniﬁial'slopes of these curves it is possible to estimate the
energy required to form kinks from the aﬁalysis given above.
In this calculation the stress to initiate kinks was assumed
to be 0.1 ©_, the breaking stress in ténsion. Table 5.3

summarizes these results.

The values of the‘surface energy of a kink obtained by
this method (2000-7000 dyne/cm) are much larger than the
normal surface tensions of organic liquids (20 dyne/cm). 1In’
fact, they are larger than the surface energies of typical

'solids (for si(111), Es=1240 dyne/cm) (Swalin, 1972).

From theoretical studies of the buckling insfability of
isolated PBZO moiecules, it'was found that an energy bf
5 kcal/mole was required to initiaté strain localization in
gompreésion (S. Weirschke, 1988). Given the cross section of
the PBZO molecule (0.2 nmz), this corresponds to a surface
energy of 160 dyne/cm. Since each kink will have at least
two surfaces, fhis would give a minimum surface eneréy of 320

dyne/cm for purely elastic bending of the polymer chain.

Note again that the experimentally determined energy is

more than an order of magnitude higher than this amount

277




Table 5.3

Kink Density Results

Fiber o € , Kinks/mm S.D. | Surface Energy
§ €=.001 , dyne/cm

PBZO AS 0.11 184 ‘39  k22Q0

PBZO HT 600 0.08 - 66 4 ; §930

PBZO HT 665 kG.le 38 2 7200
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(2000-8000 dyne/cm). As mentioned earlier, the actual
density of kinks should be higher than that determined in OM
since each kink visible in OM likely consists of a kink

bundle.

These results suggest that there is a great deal of the
energy dissipated during kinking. This energy may be
released as heat to the surroundings during the shear
deformation, or may be stored as multiple bending of

molecules within the kink bundle. Also, it may be that the
btheorétical calculation on single chains significantly
underestimates the energy required to bend arrays of

molecules to largé angles.

F. Conclusions

We have established by low dose HREM imaging that sharp,
localized bending occurs during kinking in rigid-rod polymer
fibers. The’characteristic'dimenéion of kinks in the
direction of the molecular axis is often much smaller than
the average size of each'molecule. We have observed large
‘angle changes in molecular orientation (40 degrees) at very
sharp (0.5 nm) tilt boundaries. We therefore conclude that
local bending and/or breaking of covalent bonds is involved

in the formation of kink bands in rigid-rod polymers.
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A stress analysis of a propagatihg kink using partial

dislocations in&icates regions of local hydrostatic tension
and compression near the kink front. The kinks exhi&it
"sharp" changes in orientation and material density on the
tensile side of the kink, whefeas the compressive side is
more “diffuse". The kinks curve aé they grow, mc?ing down
toward the compressive side of the’boundarj. We inﬁergret
these results in terms of lateral instabilities involvin§
splitting~failure due to the asymmetric nature cf’the
intermolecular potential and the tensile nature of the lccal‘

hydrostatic stress state.

A quantitative analySis of the plastEC‘defermation of
PBZO fibers by OM enabled an estimation of the energy
réqxiréd to form a kink bunﬁle. It was found that for PRBZO
the density of kink bundles formed'for'a given increment of
piastic strain decreased‘with inc:easing heat treatment.
This means that it requireskmore energy to form kink bundles

in the heat treated material. The surface energies for kink

bundles are high (2000-7000 dyne/cm).
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CHAPTER VI: GRAIN BOUNDARIES IN EXTENDED CHAIN POLYMERS

A. Introduction

By definition, a grain boundary is the interface between
two adjacent crystalline domainé. "The study of the structure
and energetics of grain bbundaries in metallic and ionic
crystals is Qell devéloped (Atkinson, 1988; Sutton and
Baluffi, 1987; Sass, 1986). However, in crystals bf long-
chain covalently bonded molecules (like polymers) grain

boundaries are not nearly so well understood.

The reasons for this lack of understanding are several.
Polyﬁer'solids are a younger class of material and details of
structure-property relatiénships have been less well
investigated than metéls and ceramics. Also,)fhe organic
compositioh of most»polymer solids makes structural charac-
terization of defects difficult at high resolution because of
the sensitivity to eléctron irradiation. Finally, thé large
amount of disorder typical in polymer microstructures makes
‘genéralizaﬁions about specific "defect" features difficult.

Despite these limitations, the study of grain boundaries in

polymefs is important because the crystallites are often
extremely small (typically 10 nm); so that the amount of
material which is residing in grain’boundary regions makes up

a substantial fraction of the sample volume.
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‘Steﬁies of grain ésundary michStrecture in ﬁetailic and
inorganic crystals has benefrted from the appllcatlon of Hrgh
Resolution Electron Mlcroscopy {HREM} technrques {Buseck
Cowley and Eyrrsgf 1988), Recent advances in HREM at lew ‘
‘electron dcsesir made gcssrbie by stable hlgh veltage'
vlnstrementatronf advances in sample pre;:aratlons and careful“
‘ attentron te rastrument operatlon (Chapter IE}, have now made
it feasrble to obtarn images of graln boundary structures 1n
‘certarﬁ polymers.‘,Howeverf the lack of theoretrcai studles
“on the structure and energetrcs ef grarn beundarles in
peiymers means that 1t is drfflcu}t te ccmpare experrmentally
obtained HREM rmages wrth possrble medeis for grarn boundary'
structure,‘ Alse; the role of graln boa&&arres in determrnrng

material pregertres is not well establrshed.

‘The HREM work discussed in Chapters (ITI-V) of k,th;is"
thesis has enabled the direct visualization of differentk
‘types of grain bonndaries‘betﬁeen erfstellites‘iserigié—rcﬁ
. polymers. The chain eeﬁhectivity~preseﬁ£ isrthese systems 
has important imslieaticns‘for the strscture and‘ener§eties
efkthe grainkboundsries which‘are’sbserveé ﬁereg we present |

a classrfrcatren scheme for unéerstandlng the érfferent types

of grain boundaries in polymer sollds, Thrs srmp}e analysls rk7'

makes a érstrnctron between grain beundarres that are
garaliel to the chaln {iatera} boundarles} aed those whrch

are not (axial bcuedarres}.’ Also, it consrders whether the
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chain axes in the two crystallites are parallel (chain

- invariant boundaries), or not (chain rotation boundaries).

In the following section we will outline basic aspects
of the theory of_gfain’bbundary geometry. We will then point
out how. the orientation of the chain axes in the neighboring
crystéls is‘important‘iﬁ determining the structure and
energetics of these boundaries, aﬁd’how this leads us to the
proposed classification scheme. ?inally, we will discuss
each of the four types of grain boundaries (lateral chain
invariant, lateral chain rotation, axial chain invariant, and

axial chain rotation) in terms of their expected structure
| and energetics_in polymer solids. We will speculate about
the conditions necessary for the different types of grain
boundaries to form, and wili describe plausible molecular
mechanisms which could faciiitate their growth. When
possible, we will present examples 6f these different kinds
of grain boundaries from microstructures of the rigid-rod

polymers PBZT and PBZO investigated in this thesis.

‘B. Grain Boundary Geometry

Grain boundaries are regions between two adjacent crys-
‘talline domains. The study of grain boundaries in metallic
and ionic crystals is greatly developed. Of particular

importance in understanding the energetics of grain bound-
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aries is their geometry andeeﬁemic {or moleceie;)rievel
structﬁre“'The‘strectere ef grain‘beueéeries ené ieierfeces’
zs gzven by the 0O- 1att1ce theery presented by Bellman (1970) .
Here, we revzew the essentlal features of the 0- 1att1ce
‘appreach in order to deVelop an understand;ng of‘the
~structure ef a geeerai grazn boundary. We wiii‘then discues
questlens’ef grain bouedary energetzcstbased on thzs

structural understand;ng,

The'positides of a eite in s§ace near the tee'crysteis
is given by ;heprSition vector x. A convenient’eeerdinete‘
system for éescribing‘tee vector x is the cryetal ceerdinate
~ system defined by the unit Cell’veetorskaiﬂ b, and cI aed' |
some arbitrary etigin.‘ fn thiS'case, the coerdznates of the
endpoint of a given vecter X are {xa; xb, xc}, where the xi
are the coordinates in terms of the unit cell ba31s vecters
aif“bi, andkcl. For a glven pozet, the flrst set of zetegers
lower than (xa, xb, xc} are termeé the’ external ceerdznates,v
and the position of the peznt wzth respect to the external
Vceerdzeate gosztloe theelnternal coord;nates.i For exampief
- for the pozet (3.53, 4.20, i-5.2§} ﬁhe external ceordieates

’;ere {3, 4, -6} and the 1nternel ceerdlnates ere {O 53 G 20

0.61). The 1ﬁternel~ceerd1nates are always between G‘and 1.
Near this first crystal'is a second erYstal‘{z) which

‘can be descrzbeé by three unlt cell vecters ef its own 323

' bz, and C,- Every p051t10n in space can descrlbeé elther by
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the coordinate system of crystal 1 or the coordinate system
of crystal 2. The relationship between the two coordinates

systems is given by:

x(1) = A x(2)
(6.1)
where A is a,transformation'matrix. A is a general affine
transformation (perhaps stretch and/or rotation) which

describes the relation between the two lattices (1) and (2).

For a given transformation matrix A, certain points in
space will have the same intérnal coordinates for both lat-
tice 1 and lattice 2. The SpeCific positions of these points
of equivalence will depend on the transformation matrix A.
Such points are termed the "O-points", énd represent
coincidences between sites with the samé internal coor-
dinates. These points make a three-dimensional "O-lattice".
When the values of the internal coordinates are equal to
v(0,0,0), the 0O-lattice points correspond to lattice sites.
In this special case the O-lattice is a "coincidence site
lattiCe"A(CSL). In the general case, it is not necessary

that the "O-points" be located precisely at lattice sites.

The geometry of grain boundaries is therefore determined
by finding the transformation A which relates crystal (1) to
crystal (2), and then finding the orientation of the boundary

with respect to the two crystals. This means that an




arbitrary grain baﬁhdary'has five'free“parameters (thé thfee'
rotatzcn axes of A and the two rotation axes of the grazn
boundary plane}.; For rotatlons of an angle e about the z

axis, A is given by:

( écs (2] ‘-ks:in ® o)
= { ~sin 8 ,:CCS, e . j\EO}“‘ ’
<o o 3

(6.2)

The vectors x(0) describing the 0O-lattice are given by the

relation

(x - 2”1 x(0) = b(1) |
(6.3)
. where I is the unit matrix and b(1) are the'tranélation vec—"

tors of lattice (1).

The'fcrmaticn cfra'gﬁain bcuﬁdafykusingyﬁﬁe“ﬁ?lattice
procée@s as failogs. Firét'&étermiﬁe the‘transfbrmaﬁicﬂ
matrix A :eQﬁi:eé‘to transform laiﬁiée (1} iﬁtc‘iétficeyiz},«
Thls defines the pasztlon of the 0- lattlce {whzch is three—'
‘dimensional) . Next, place the baundary between the two
crystals in the orzentatlen an& p051tlon deszred Ideally,
“the bouaéary should pass through as many 0 lattlce p051t10ns
as possible. Now flll the Iattzce 51tes wzth atoms cn ezther"

side of the bdundary. The 0- iattlce wzll descrzbe the
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repeating nature of the atomic arrangement in the region

where lattice (1) stops and lattice (2) begins.

At ﬁigh rotation angles the transformation A may cause
next nearest neighbors to move closer to a given atom than
the original nearest neighbor. It is possible to have sev-
eral different choices for A depending on which neighbor is
considered. 1In general, the new nearest neighbors are given
by that choi¢e of A for which the determinant 6f_/I _a"ly

. has the smallest absolute wvalue.

The O-lattice theory has Been very uséful in describing
the geometry and structure of crystalline interfaces (Sass,
1986; Carter and Sass, 1981). However, ﬁhé theory is
strictly a geométrical scheme and says little about the
energetics of é given boundary other than qualitative argu-
ments that O-lattices with small unit cell voluﬁes "should"
have iower energy since then there will be a higher popula-

tion density of equivalence sites on the grain boundary.

Sutton and Balluffi (1987) have recently reviewed the
ability of several geometric criteria of grain boundary
structure .to provide good estimates of low boundary energies
in metals and ionic crystals. These criteria included
(1) low réciprocal volume density of coincidence sites;

(2) high planar density of coincidence sites, G; (3) high G

at constant interplanar spacing, d; (4) large d; and (5) high
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density of "locked-=in" rows of atoms,k They Céme‘tc fhe
conclusion that in general, there was no partlcuiariy
noteable crlterion thch conld rellabiy glve estlmates cf iow
energy boundaries from a 51mple geometrlcal'framework.‘~On;y
criterion (3) seemed to have useful piééicti?e'ability‘ferr
determining 1ow‘energy grain‘ﬁouﬁéariesf‘and'éven‘herékwas‘
found to hold énlf for metalfmétal or icnié!icnicybsnndarﬁes;
not metalfiaﬁic bcundaries They concluded that any useful
kunderstandzng of the energy of znterfaces must take 1nto
account the details of mclecular bonding and local
relaxations at the bounéary; ané‘that‘simglisti¢ gesmetrick

considerations were of limited applicability.

As revzeweé by Sutton and Balluffi (1%87), the general
’features of low grain boun&ary energy éepené on the spe01flc
nature of bonding 1n the solid under conszderaton.‘ For met-
als it is_neﬁessa:y to have an atomic ccoréinatianyn#mber fo#
 a£cms withiﬁkthé grain as close as.pessibie as that in thé E
perfect'cfyétai {Vitek Suiton; Smith aséiPSnd;'igéO}f\ In
ionic sollds low 1nterfaczai energy requlres thatsno nearest
neighbor ions have the same valence {Duffy and Tasker, 1985)
Iﬁ tetrahedra}ky coardlnated cevalentiy bonded solzds grain
boundary structures are such that they minimize the number of
"dangling bonds" near the grain bcundary {Sattpn4an§A

Balluffi, 1987).
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In polymer solids the bonding ié extremely anisfropic,
with covalent bonding along the chain and van der Waals or
hydrogen bonding between chains. Therefore we expect that
the surface energetics of grain boundaries will depend crit-
ically oh the local orientation of the chain axis. We |
believe that geometrical cdnsiderations‘of grain boundaries
in polymers wﬁich take into account the role of chain con-
nectivity on the local orientation of the crystals and the
grain boundary itself will be useful in determining the
energetics of the the boundary. Also, considerations of
chain connectivity and topology will be of particular impor-
tance for developing models for the local molecular motioﬁs
involved in grain growth. It is our goal in this chapter to
provide a conceptual oufline of the importance of.chain con-
nectivity on the structure, energetics, and mobility of grain
boundaries in covalently bonded molecular solids. Where
possible; we will correlate these ideas with HREM images of

grain boundaries in the rigid-rod polymers PBZT and PBZO

studied in this thesis.

~C. Grain Boundaries in Polymers

We now extend our discussion to concern crystalline
domains which have a well-defined direction defined by ;-
In polymers, this direction ci is easily associated with the

direction of the chain axis. Chain connectivity along’c1
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makes geometrieal censtruetions which involve c, ef‘eertieu—
lar importeneer because the strength of the molecular~bendin§
along the chain axis (coeelentibcnding},is often two eréers
of magniteée‘strenger theh the interactions betweeﬁ‘melecules’
(van der Waals or hydrogen bondlng} Besiées'this‘weil- |
éeflned dlrectlen ¢, are two other vectors a and b ‘whlch

1
‘ represent”the unit cell vecters required to éeflee'the’

i

crystalline lattice.

Censréer now a nelghborlng domazn w1th unit ceil vector3‘

b2* and c,- Hew do the dlfferent p0331ble errentatrems

2¥
of this second crystai and the chezce ef the plane ef the
grain boundary affect the expected stracture and energetzcs

of the grain boundary which results?,

| ?he uederstandrng of the role of molecelar eennectavzty
and chemical tepelogy on the structure and energetlcs ef |
defeets 1n‘meieeu}ar sellds rs strll in its 1nfaney.v»Bev13"
{19;8} censidered rhe'rele of chain‘ccnnectivity enkthe
expecteé structures of twrn boundarzes ‘in polymersr ané drewf
a drstlnction between‘“chaln -axis 1nvar1ant“ and “chaln-axis‘
rotation" thnsf ézstzegulshed by whether the chaln axis in

the crystals on either 51de of the twin boundary were garal-

.Iel or nct.

'Here we extend the initial analysis of Bévis; which

concerned only twins, to the more general case of an arbi-
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trary grain boundary. We suggest that a second important and
obvious geometrical parameter in classifying grain boundaries
in polymer crystals is the orientation of the grain boundary

with respect to the molecular direction.

With this model we are able to classify all of the dif-
ferent conceivable grain boundaries in molecular crystals

into four distinct categories.

As shown by Bevis (1978), the orientations of the seCond

crystal can be separated into two distinct classes:

I. The directions ¢, and c, are parallel.
(Chain Axis Invariant)
II.! The directions c, and <, are not parallel.

(Chain Axis Rotation)

In the perfect crystal, the chain directions cl"and c, are
parallel. Hence, we expect chain axis invariant grain
boundaries will be of lower energy than chain axis rotation

boundaries.

The second important geometrical parameter is the ori-

’

entation of the boundary separating the two crystallites.

Again, we expect two obvious classification schemes:
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III. The plane of the boundary is parallel to both'c1

and c, -
(Lateral Boundary)
IV. The plane of the boundary is”net'parailei to either
ec, or ¢, or both. '

1 2

(Axial Boundary)

An axial boundary ﬁill’necessarily‘be'of higherﬂenergy'
than a 1ater$1‘bounda£y because the bcnés,aloné the chain -

axis are much stronger than those in other directions.

W#th thlS 51m§1e ccnstrﬁcticﬁ it is gosszble to classzfy
the dszerent types of boundary between crystallztes
ccntalazng well deflned dlrectlons cl and c2 1ntc four cate—
o gcrles. These are 1) lateral chain invariant {LCI};

' 2§ laterai chain zo;ation {LCR},'3} axial chain ihvariant‘

(ACI), and 4) axial chain rotation (ACR) grain'beuﬂdaries.

Figure 6.1 shows a séhemétic of the féurkdifférént types
of grain bounééries{ The féildwing diScussiOn dgtails théi
important features of each of these different kindé of grain
boundary. T&eiboundérieS‘are presentediin;the generél crderk
ef’ioweSt energy to highést ehergy, \Iﬁ,éééh ciaséfwe‘wilif
,examzne the questions of stracture, energetlcs,'and | |
mechanisms of fermatlon and growth of the graln bcun&ary We

will pravzée examples of physzcal situations in which each
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Lateral Axial

2
Chain 1
Invariant
Ghain
~ Rotation .
ACR

Figure 6.1: The four different types of grain
boundaries which are possible between crystals which have a
well defined directions ¢l and c2 (denoted by arrows). 1In
polymers cl is associated with the direction of the
covalently bended chain axis.  If directions cl are the same
in both crystals, then the boundary is a "chain invariant"
boundary, otherwise it is "chain rotation" boundary. If the
boundary plane is parallel to cl and c2, then it is a-
"lateral boundary", otherwise it is an "axial boundary".
Therefore, there are four types of boundary: 1) lateral chain
- invariant (LCI), 2) lateral chain rotation (LCR), 3) axial

chain invariant (ACI), and 4) axial chain rotation (ACR).
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type of boundary might be»particularly impoftant in

controlling the macroscopic propertiés of‘the'poiymer solid.
1. Lateral Chain Invariant (LCI) Boundéries~

A LCI béaﬁéaﬁy‘{Figﬁre 6.1a) does,sct‘disrﬁpt the‘chain
axis. Also,‘it’§reserves chain oriehtation.’kLCI'Ecﬁhdaries
should have’thé‘loweét energy\éf,the f§ﬁ¥:tYPéS.1 Iﬁﬁféctgkin
some §quﬁe£s {liké tﬁe gBZi'and'szo sﬁﬁdﬁed in this
thésiS}f‘ﬁhére is a’high;éegreékbf éﬁial shift‘§is§rdér
within the crystalli£é itseif, emphasizing:how:easy it is for
molecular:misgregistrﬁ tQ'QCCuf along an‘iCI‘boﬁn&arf;

] Figure‘s.érshcwé'a schematic view do#nwfhe ¢hain axis of
- a micfofiﬁiii"cf rigid réd'pci?mer;"The'crYStal;it§$ §ithin‘
‘the ﬁicrofibrii are separatéd from §ne éno§hé§‘by1;Ci'grain

boundaries.

SincéAZCI boﬁndafies'do not éisrapt the crientati?n»ér
“the ccntianity éf the chain axis, theykshculd be forela- 
tively low ehéfgy. Within tﬁé class 0f~1a§eral éhaih
invariant boﬁnﬁaries,fdifférent‘energies might‘e$iét ifkthe‘

" lateral bonding was unique in different directions. Such is

the case in PPTA which has hydrogen bonding in certain crys- -

“tallographic direCtions‘and van der Waals bonding in"athers

(Northolt, 1974).
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Schematic diagram of a cross section of an

- Figure 6.2

The microfibril shown has four

‘crystallites which meet at lateral chain invariant (LCI)
. LCI boundaries are of relatively low energy

because they do not require conformational changes or bendina

of the rigid-rod polymer backbone.
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It is reasonable to imagine that an LCI»bcuhﬁa;y could
form during grain growth from an initially crieﬁtedVYet'nen—:
crystéiline ﬁalymer saiid Sllp would be easily maﬁaged by
relatzve metlon of one crystalllte w1th respect tc the other

along the LCI boundary.

Growth twins seen. iﬁyP?x (éradérekéndrfhémasf 1989} as
well as antlphase boundarles in synézotactlc polystyreﬂe
{Praéere and Thomas, 1989) are examples cf LCI boundarles =
whzch occur durlng the normal grcwth of a pclymer szngle :
czystal. ‘Recent studies ef poiyethyiene crystals by Scanﬁlng
“Tunneling Mlcrcscopy have shgwn that overgzowths~caused by
screw dislocations at crystal edges havé‘steeé létéfél edgesk
and‘aré‘forted to tﬁé top’of’the'}é§ellar Cr§$tal}ites in"'
~discrete §iateausf‘suggesting’thatithejshéar‘aCrQés’LCIi
boundaries occurs as the éE cryétals fiatteﬁ'from‘soluticn
onto the STM substrate {Plnerr Rezfenbergerf Martzn, Thcmasf

and Apkarzanx 1989}

The4mcvement of an LCI'bonnﬂéry ﬁight éccnr bf‘the'ioca}
 7réctientatieﬁ of as,internél segment ofﬂthé gciyﬁer'chaig’
. about the éhainyakis, ‘This would involve the motion of a
‘twist déféct‘{repreéénteé by a local c§nfo:maticéal change
’fiom the crieatatién sfvéryStal {1) to tﬁe‘crientation'of
crystal {2)) along the length of a mclecule pcsztlcned at the

grain bounéary 13terface. A schematzc draw1ng of such a’
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molecular mechanism of LCI grain growth is shown in Figure

6.3.

The uniformity of deformation which is mitigated by LCI
bouﬁdary slip will be determined by how often this siip oc-
curs. Adams, Yang and Thomas (1986) have distinguished
between "blocky" and "fine" slip in the deformation of |
polyethylene.  Essentially, this scheme considers_how»often
an LCI grain boundary participates in the shear deformation
brocess. If only a few boundaries ére acfivated then the
slip is "blocky", but if many or all of the boundaries expe-

rience deformation then the slip is "fine".

LCI grain boundary slip also an important deformation
mechanism in the kihking of rigidirod polymers (Chapter V),
and in the deformation twinning of polydiacetylene single

crystals (Young et al., 1979).
2. Lateral Chain Rotation (LCR) Boundaries

LCR boundaries do not require inteference with the éhain
axis and therefore should also be of relatively low energy.
However, the rotation of the crystallites éhould cause these
types of boundaries to be of higher energy than the LCI
béundary; vThis will be particularly trﬁé if the matching
faces.of’the two crystals do not correspond to ldw-index

planes. 1In this case there will be a number of "furrows" on
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If the twist defect moves up, then crystal

~ grow- laterally and crystal (1) will shrink.

The twist defect is envisioned to
at

(1) will grow laterally and crystal (2)
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Schematic diagram of a plausiblengChanism

for grain growth by LCI boundary migration.

 Figure 6.3:
consists of the axial motion of an internal twist about the

axis of a chain from the orientation of crystallite (1) to
that of crystallite (2).

move along the backbone of the molecule.

"sections on planes above (A},

defect.
down, then crystal

will shrink.




the the surface which will give rise to voids between the

crystallites.

An LCR boundary could be thought of as a "lateral twist"
~boundary. It is possible to imagine a "lateral tilt" grain
boundary which would‘be formed by tilting the axes of
crystals toward or awéy’from one another. Such a boundary
was described by Predecki and Statton (1966) and was postu-
lated to 6ccur by the cooperative segregaton of chain‘ends to
a lateral surface of a polymer crystallite. However, the

boundary thus created is no longer parallel to e, AND ¢, and

1
therefore is not a "lateral" chain rotation boundary as per
our definition. Rather, it is an "axial" chain rotation

boundary where the angle between the grain boundary plane and

chain axis is low.

A LCR grain boundary is shown in Figure 6.4. vNote that
rotation about this boundary changes the orientation beﬁween
the crystallites. A specific example of an LCR boundary‘was
seen earlier in this.thesis in an HREM image of a critically
point dried PBZO (Chapter 4). An enlargement of this region
is shown in Figure 6.5. Figure 6.6 showéva molecular inter-
pretation of the stfucture which is generally consistent\with
the HREM image contrast. The crystallites are oriented at a
significant angle (27 degrees) to one another and meet each

‘other on lateral (010) crystal faces.
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. Figure 6.4: Schematic diagram of a lateral chain
:etatlon (LCR) boundary between nelghborlng polymer
crystallites. Twist of the crystallites about the bousdary
will change the molecular orientation '

300



Figure 6.5: Enlargement of an HREM image of a LCR
boundary in critically point dried PBZO fiber. The image
shows two crystallites with different orientations of the
chain axis (27 degrees) laterally superposed within the
thickness of the thin (approximately 20 nm) sample.
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‘The growth of a LCR boandazy pcses‘some severe‘geémetf
rical prablems. It'does not seem péssiblekfor snéh a'béasd—
ary to move without a substantzal recrlentatzcn of a large
amount of materlal at the grazn boundary Gne p0551b1e o
~ mechanism for a LCR bounéary to move is to have beth of thej
nelghborzng crystallltes orlented grcperly s0 that chaln
rotation at the boundary can occur. 1In other;wordsf the LCR‘

boundary must be firstjconverteé into a:LCI bQundéry in;ordér

to move by the simple chain axis twist défétt‘meChanism“§is;,, 3*'

cussed‘eariier {Figure 6.3). Thzs may be a major reason why

,the agﬁllcatlon of ten31le stress is so 1m§ortant 1n suc-

cessfal post-proc3551ng heat treatment qf r;gzdfrod pclyme; Sl

fibers (Allen, 1983).

~ An a}ternatlve mechanlsm for the grcwth éf é LCR baund—i
ary might be the formatlon and subsequent prcpagatlon of af
"bend"® along the axis of a peiymer molecule,.kAlthough thls}'
’mechanlsm does not 1nvcive the cooperatzve motzon cf a iarge
number of mclecalesir it dces requlre sllp cf the pclymer
perpenﬁlcu}ar tc 1ts axzs of crlentatzon (Flgurek6.?), |
,ﬁhether such a mechanlsm is fe331ble will depééd eﬁ hcw'mu¢h f“
energy it éésts‘to make such a'#bend¥ §ithin the poiymer;of .
rihtereSt‘ | |

LCR bounéarles may bekprollflc in flzms of rlgld—roé

fpclymers which are not hlghly crlented .Du:;ng defcrmatlcn

of thin films of unorlenteﬁ rzgzé—rod goiymezs;;it‘was‘
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Figure 6.7: Possible mechanism for grain growth at an
LCR boundary involving the propagation an internal molecular
kink along the boundary and the cooperative lateral motion of
a segment of the molecule. BAnother feasible mechanism for
LCR growth is to reorient the grains so that the LCR boundary
becomes an LCI boundary, and then grow by the mechanism
proposed in Figure 6.3. '
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Figure 6.8: OM and SEM views of a region from an
isotropic thin film of PBZT deposited on a deformable
substrate and then deformed in uniaxial tension. The sample
mostly cracks perpendicular to the stress but sometimes
exhibits localized regions of birefringence at 55 degrees to

"the tensile direction. Since PBZT is a stiff melecule, it
seems necessary to explain this shear instability in terms of’
a lateral slip mechanism s;mllar to that shown schematlcally

in Figure 6.5.
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pbserved thatibanés of shear deformation askévidénced by
local areas of birefringence in OM could sometimes be seen at
angles to the directicnkcf appiied deformation;“such an area
of local deformation iskshéwn in Figure S.B. It séems that a
reasonable mechanism tekexplain,this qué of ééfcrﬁatiéﬁ is
by LCR boundary slip betweeﬁklocally miscfiented‘rigié -

molecules or microfibrils.
3. Axial Chain Invariant (ACI) Boundaries

ACI bognéaries invoive téo crystallites with §arailel
chain axes. 1In a,sample witﬁ a very high méleéuiar weight
chain ends are very dilate{‘sc‘it wili‘be neceésary ta’main—
tain chain flux across such a boundary. :This #illyrééuire
each chain t&’twist as it crosses the ﬁcunda:y; andigiil

require many chains to both twist and translate,

The maintainance of chain flux means thaﬁkit is néces-
~sary to connect chain sites in crystal (1}vwith<§t§erskin
‘crystai'(2}. The specific manner in which‘tﬁe‘chains mini-
mize their energy in s;cb a’“braided“'StfuCture wiil depend
on the details of the internai ccnformations aééilébie té the
polymer ef‘interest; Fi?ureks.g shows é}micréfibri;.ofra
rigid-rod polymer which has severai ACI béﬁhda#iesybetwéen

crystallites.
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From the geometry of an ACI grain boundary model it is
possible to calculate the amount of induced misorientation
expected by maintaining flux across the boundary. All other

factors being equal, a reasonable model for an axial chain

“invariant boundary with known crystal boundary conditions is

one which minimizes the projections of the required misori-
entation on the boundary plane. 1In other words, the boundary
will require the least energy when the amount of induced

misorientation is the least.

ihe amount of misorientation and the specific solution
to the energy minimization problem will be sensitive to the
croés-séctidn qharacteriSitics (size and shape), as well as
the specific internal conformational changes available to the

molecule under study.

The structure of a typical example of an ACI grain

boundary seen from the top is shown in the Figure 6.10. The

" structure is such that all of the chains are required to

twist, some are required to'botﬁ twist and translate. The
actual structure will depend on the details of the molecular
architecture and tﬁe ability of the molecule to thread its
way ﬁhrough the boundary. 1In this specific example, the unit
cellibf PBZT is used. The orientation of crystal (1) is sucﬁ
that the [010] direction is oriented forward, enabling the

0.59 nm (100) plahes to be viewed. Crystal (2) is oriented

‘with the [100] direction forward, enabling the 0.36 nm (010)
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~ Figure 6.9: Microfibril consisting of three
crystallites in axial registry separated by ACI grain ,
- boundaries. The ¢ directions in each crystallite are along
the microfibrillar axis. The a directioons are oriented
oriented in different directions. The molecules are long
enough to pass completely through the ACI boundaries. Each
- molecule must twist as it passes through the boundary, some
'~ are required to both twist and translate. The ACI boundaries
‘are thus considered to be a region of lower density in whzch
the molecules become sllghtly 1ntertw1ned and entangled
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planes to be seen. The chains circled are only required to
twist as they pass through the boundary, whereas the other

chains are required to both twist and translate.

One of the insights proVided“by the Oeiattice theory is
Athat it eﬁphasizes thét most of the ésSential:bhysics of
grain bbﬁndériéé can‘beﬁrevealed by éonsidering only a unit
cell of the O-lattice and not the entire boundafy.' This
gréatly‘simplifies thetcalculations 6f grain'béuhdary struc-—
ture andiéneréeticé;'wﬁich in general would :quire an

infinitely large interface.

' Figure 6.11 showé an image from PBZT whiéh provides
experimental supportlfor an ACI grain boundafy
(Boudet et al., 1987). The image shows a traqéverse view of
a crystallite with>0;59 nm (lOO)vplanes directly meeting
another crystallite with 0.36 (010) planes élong the
molecular‘axis. Thisvimage is cohsistent With‘the model
presentéd in Figure 6.10. 'Note‘that unlike metallic grain
boundaries which are sharp (0.2-0.5 nm), this boundary is
-more diffuse (4-5 nm). Figure 6.12 showsra molecular model

)Cbrrespdnding to the image in Figure 6.11.

ACI boundaries will inevitably be of lower density than
the perfect crystallites because of latefal packing problems
as the molecules twist and entangle. It is reasénable to

expect that ACI boundaries will therefore act as places for
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ACI boundary

Figure 6.11: HREM Image showing 0.59 nm (100)
meeting 0.36 nm (010)

et al., 1987).
figure,

fringes
fringes in the axial direction (Boudet
The boundary region is in the center of the
The transition from sharp 0.59 nm fringes to sharp

0.36 occurs over a distance of about 5 nm in the axial
direction.
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theylnltltatlon of fallure and the segregatlon ef solvents or
‘lzquads from the env1renment jEISO; it seems reasenable‘that
chain endskw1ll be able to‘reduce the freeteeer§y’efeﬁhe'
system if they can find their way to a‘beenéary ef‘this sort

:ethef‘than §etting stuck inside a perfect crystel;

| The growth ef an ACI beundary mlght eccur by the szmul-
teneees reorlentatlen of a number of small segments near the
graln beundary When the‘beendary is very‘tw1sted and B
eﬂtangled thls mlght be dszlcult to accompizsh «Heeever;
the energy ef an ACI boundary sheuld be qulte hzgh so therei

will be a substantlal dr1v1ng ferce to ellmleate zt

ACI beundarles mazeteln good chazn erzentatzon ané
therefore shou}d retaln the high moéulus and strength of
oriented fzbers.: Hoeever, the mlserlen;atlon,whzch is nec;*
essarily'iﬁdﬁced witein tee boﬁndarylregieeemay ex?lain the
deviation eeﬁween theeretiCally yredieted’enéeexeeriﬁentaiiy
obtained vaieeS'for modu}ﬁskin theée‘metefiale 'kTheoretical
preﬁictiens {ﬁerthelt and van Artsen, 19?8} have shewn that
ezserlentatien can accoeet for a substantzal decrease le the

modulus of an orlented flber;

Wzth thls structure of ACI bcundarxes in mznd it is
§0551bie to see why the modaias ef a rlgld-rcé flber depends
on streSS'{Eby, 1988} ‘As the flbers are placed in axzal

“tension, the melecuies whlch are twlsted together in ACI
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boundaries will laterally interact more strongly and
therefore resist further deformation. Likewise, the tendency
‘for an ACI boundary to misorient during heating may be a
reasonable explanation for the low and even negative values
of the axial thermal ?¥P3?$i§9'¢°¢§?i¢iept in rigid-rod

polymer fibers.

As discussed in Chapter IV, the presence of four-point
SAXS scattering in PBZO may be due to the formation of low

energy ACI boundaries which QCCHr'at Specific angles to the

~ fiber a%ié: The model presented in Figure 4.19 was thai

specific, low energy ACT boundaries in PBZO occur parallel to
(302) planes. These (302) planes give rise to strong WAXS

and SAED diffraction spots.

Similar "axially invariant" boundaries may occur in
gpnerf entirely differep; physical situatiops; For instance,
in superconductors there is a regime in magnetic field-
temperature space in which the superconducting current
confines itself into a discrete Mflux lattice®. The presence
of this "lattice” can be easily seen by decoration
experiments (Khurana, 1989). The Stiffhess of the interact-
ing lines of current is dictated by the temperatuteland
applied field. The lower the temperature and higher the
field the stiffer the i?P?Ska current become (D. R. Nelson,

1988) .
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It has been shown thai fiactﬁétiéss in fi#x lihe éﬁiff-';
’ness ¢ag$e thére to be'é'reéime‘95ére fhéfe is’é stéblé |
“entaﬁgieé{flnX’liﬁuidﬁ in whiéh some of‘thé liﬁés éfgéarrenﬁ
bécéme interﬁ&ined {b. R. Nelsen;'iBSQ} If such a phase
were quencheﬁ zato a regzon of the phase élagram where it was
more favorable tQ ézsentangle {by ralslng the field or |
1ewerin§ the temperatére}g it is reasonable to expect that
some of the entanglements might become trappeé and then
’forced znto dzscrete graln bounéarles between locally mzé— 
arzenteﬁ "£lux crystallztes“ | However, the ax1al 6 fold
symmetry of the flux lattlce means’ that 1t wlll requzre oniy‘ k
as much as a 30 degree axzai zotatzon cf the graln in oréer

tc elzmlﬁate the graln bonndary
4. Axial Chain Rotatioh (ACR) Boundaries

In ACR boundarles the chain axes in the twa crystallltes
" are not paraliel to one ancther Also,'the bcandary is ﬁot

'paralle} to the chaln axes.

ACRibénnéariés aré the éGSt geneiéi type'cf graiﬁ:
boundary betwééh tworctstéiiiées with'a well éefined chain;
axis. Since the bdundary is héﬁyparéiiéiitblthekchaiﬁ axéé o
’ef the crystallltesf thls wlll requlre the chains to bend as

they pass from one czystallzte orlentatlon tc the other
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ACR boundaries might form by gfowth, in which case the

- boundary would be charadterized by array of chain ends,
bends, or some other sort of defect structure which describes
the way in which the change in Orientatioh between the
crystallites is accomodated. Also, ACR boundaries might be
induced by applied deformation; in which case the boundary
would consist of local set of bends or ¢onformational changes

~which occurred as one crystal sheared with respect to the

other;

.An’example of an ACR boundary seen in PBZO is shown in
Figufe 6.13. This image appeared within a kink band and
Showé a sharp angle change (38 degrees) in the chain axis
oriéntation over a small distanée (0.5 nm).  Figure 6.14
' shows a molecular interpretation of this image, which

requires significant covalent bond bending of molecules at

the boundary plane.

As mentioned before, "lateral tilt" boundaries are
really of the ACR type, where the anglé between the grain
boundary and the crystal axes is small. Here, ﬁhe segrega-
tion of chain eﬁds to the boundary‘serves to accomodate the

local rotation between crystallites.
Like ACI boundaries, ACR boundaries will also inevitably
serve as locations for defect and second phase segregation.

They may serve as fracture initiation sites as well. If the
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'Figure 6.13: HREM Image from a kink in PBZO showing ar
ACR boundary. There is a large change in orientation ,
(38 degrees) across an axial boundary. The axial width of
the boundary is very small (1 nm or less). = .
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molecular bending in the ACR boundary is sharp, the bonds may

be "activated" and therefore more prone to chemical attack.

The motion of ACR boundaries will require not.only the
internal reorientation of molecular segments at the boundary
about their own axes, but will require an additional bending
of the moleculér axis in order to accomodatevthe misorienta-

tion between crystallites.

ACR boundaries have also been seeh in poly(parapheylene
vinylene) (PPV) (Masse et al.,‘1989), where HREM studies have
shown a change in chain orientation between small PPV
crystallites packed along the axial direction. ' PPV conducts
electficity when properly doped with AsFg5. The structure of
- axial grain boundaries may be particularly important in
determiﬁing the néture of charge transfer along the chain

axis in this novel material.

D.  Conclusions

Grain boundaries between neighboring qrystals of
extended chain polymers héve been classified into four types
depending on the orientation of the chain axes and the posi-
tion of the boundary. Thisvscheme recognizes the unique
influence of one-dimensional covalent bonding on gfain
bouhdary strﬁctures in polymer solids; In increasing order

of relative energy, these types are lateral chain invariant
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{LCI}, létéraiychaih rotéticn’{LCR}; axzél chéin 1nvarzant§’
‘{ACI), ‘and ‘axial chain rotatlon {ACR} grazn ‘boundaries. ‘Et
is expected that the preczse nature of each of these types of
boandary wlli depend on the spec1f1c system of interest.
“Experlmental ev1dence fcr each of these bcundarles were
yéesczzbed fram the llterature asé frcm the work in thls the-
sis. This szmple approach 1llustrates the 1mportant ‘way 1n
which macromolecular archzteqture modzfles‘tradltlonal ,

concepts of ‘defect structure and energetics.
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CHAPTER VII: CONCLUDING REMARKS AND FUTURE WORK

This chapter provides an overview of the major conclu-
sions for éach chapter, followed by some speculations about
future avenues of research which should provide profitable

areas for further investigation.
A. Chapter III: PBZT Ultrastructure

‘The'observatibn of PBZT crystals over’lérge areas §f
fiber fragments at high resolution has enabled the size and
shape distribution for these crystallites to bé obtained. We
find that heat treated PBZT fiber is highly oriented, with
the’orieﬁtationFOQer a 200 x 300 nm region exhibiting less
than a 1.3 degree-standard deviation in orientation (Hérmans—
Stein orientation parameter greater than.0.999). Howevér,

. the maximum—minimum éngle seen was 7 degrees, indicating that

significant local misorientations can and do exist.

Plots of the crystallite lateral and axial sizés indi-
cate that the PBZficrystals are in general compact, but are
systematically larger in the axial than the transverse
direction. The average lateral size was found to bé 10 +/-

4 nm, and the average'axial size was 17 +/- 8 nm.

We have also been able to image in real space the nature

of axial shift disorder in PBZT fiber. The limited amount of
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three-dimensional crystallinity present in PBZT is manifested
~ in HREM imaging as undulating (001) lines which run at

different angles to the edge of the PB2ZT fiber fragment;'

'Thesé imagés have’pfsmpﬁsd‘ths study of thekﬁistributiss o
of scatﬁsriag intensity‘of PBZT layer iines fsﬁeifousd'that
the mslecsiar transform {zndzcatlve of csmplete axzal
disorder} is not as good an approx1mat10n to the experlmentai
}ayer line data as a model u51ng a trlclznlc PBZT unlt cell
| wzth a hzgh probabzllty {80°} of encounterlng ax1a1 |
‘ mlsreglstry between nezghborlsg molecules in the a ané b ;
szrectzons. The sptlmum unit cell fsr PBZT 1s space grsup
P1, a=0. SSi nm, b 0 392 nmg c—i 249 nm, &—112 6 degrees§'4 
. B=61. G degrees, and 7—95 5 degreesf w1th a denszty of

1.65 gmsfsm3

One area which is of‘immediatakCGncern fbf usdsrsﬁanding
these rssuits is a more détaileélasalysis of the intef- |
molecular snergetzcs ‘for both PBZT anﬁ PBZO. The pre}imisary
stuéy by Welsh et al. {1981} should now be extendeé in full -
detall to more crztzcaliy assess the pstentlai energy surface

between PBZT and PBZO molecszes,
It would be useful to calculate and compare the scat-

- tering from bsthqthe'parac:ystailise‘and stackisg fauit'dis*f,

order modeis using the unit:cell progssed by Gtasie:. ;Thisv‘
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would be best done by getting higher quality scattered

intensity data along each layer line.

The calculations to date have only concerned themselves
with intensity on a layer line. .However, the bfoadening of
the layer lines in the meridional direction, as well as the
fading of the layer lines in thevequatorial direction, has
interesting information about the détails of molecular dis-
order. Calculatiohs should proceed which consider all of

scattering space.

Again, this comparison should be déne using X-Ray or
enerqgy filﬁered SAED in order to avoid the problem with
inelastic scattering near the main beam. This scaﬁtering
obséures low‘angle”SAEb'data, and’makes‘quantitative'Studies

in this regime of scattering Spéce difficult.

B. Chapter IV: PBZ0O Ultrastructure

Our observation of single crystal texturing in very thin
films of PBZO has enabled the indexing of the PBZ0O unit cell.
We have found that there is a tendency for neighboring
molecules to register at a relative axial shift of 1/4 ¢,

where ¢ is the repeat distance along the chain axié. The

unit cell consistent with our data is monoclinic, space group
Pc, with a=1.196 nm, b=0.354 nm, c=1.205 nm, }=101.2 degrees,

and has a density of 1.66 gms/cm3.
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We have seen by HREM that the c:ystallzte size zncreases
more in the lateral than the axzal dlrectzen fer PBZ20O, and

have compared these results dzrectly with those obtained by

 DF.

In PBZD,‘it wouid be‘uéefalyto eStablieh’in:ﬁoie éetail”
the nature ef the éemain texturzng seen 1n SAED For.this
purpose, it would be best te have a axial view ef the flbrou3'
}sampie S0 that the dzstributlon in merphoiogy acress the

fiber could be investigated. Attemgts by Cehen to microtome
PBZT have showe that when the fzber is cnt across the
molecular erlentatlon dlrectlon there is a large amount ef e
giastlc defermatzon that cccurs as the knlfe blade is eeable o
to make a shargecut It has been feund that “maiecuiar“,and ;
"in-situ® ccm9051tes of PBZT and nylon can be mlcrotcmeé well
by cuttlng at szgnzflcant angles {45 -50" degrees} to the fzber‘
ex;s;{Hwangf et al, 1989} ' Hence; it may be pcsslbiekto ‘ |
'fevefeeme‘thise}imitatien;by eetﬁieg at éiffereﬁt angies at

liquid nitrogen temperatures.

Futﬁre'work with higher’reselution iﬁstruments sheuié‘
make it posszble to more clearly resolve the PBEO |
mzcrostrecture and therefore heze answer some eutstanélng
questzcns - It weelé be cbv1ously very useful lf 1t were o
pcsszble to reselve the {302) spac1ngs dlrectly This WGulé

gzve 1nformatzen about the deveiogment of three-ézmenszonal .

328



crystallinity, and may help to prove or disprove the
suggestion that axial grain bounda;ies parallel to (302)
planes are an adequate explanation for the four-point SAXS
behavior. The.spacing_d302 is 0.32 nm, whiéh is very near
the ultimate resolution limit of the ZOOKkV TEM used'in this
study (Chapter II), but well within the capabability of

available instruments (0.17 nm).

As for PBZT, it would useful to obtain better quality
data of the distribution of scattering on PBZO layer lines

and compare these with disorder models.
C. Chapters III and IV: PB2ZT and PB2ZO

An area of pos§ibie development which comes to mind from
these studies is that of rigid-rod polymer blends. What
modifications of structuré and properties would occur if it
were possible to make miséiblé solutions of PBZT and PBZO, 6r
"PBZT/PPTA and PBZO/PPTA? In this way we could make materials

“with both hydrogen bonding and rigid-rod character.

- Studies of "molecﬁlar composifes“ have shown that it is
possible to achieve mixihg between PBZT and nylon'down to a
scale of 4 nm or less (Hwang-et al., 1989). - Similar intimacy
should be possible with PBZT/PPTA,'PBZO/PPTA, or PBZT/PBZO
blends. Materials in these intermediate Cohposition ranges

might have the right amount of hetergeneous microstructure to
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successfully bleck the eﬁset ef kink defermatlee by llmltzng‘"
eesy shear and dlsreptzng the motzen ef the partzai
dislocations. Therefcref such b;ends maykbeLef 1mproveek
cempressive‘strength when compared tekthe ecmpenent
‘materials. Heat treatment ef-these biends weﬁld‘cauee het

' only erystaliizatienfaﬁﬁ gfain greeth bet alse pheseesepara—

tion.
D. Chapter V: Kinking

It would be of &nterest to estahllsh the eynamacsbef
kink band propagation. A stedy 1nvelvzng the appllcatlon ef
short stress‘pulees of knewn duratlon, similar to that used,
by Johnston and Gzlman to study dzsiecatzen metlen ‘in LlF,~'

may be appreprlate here

Since it has now been estabzished'thét*covalent bond
'~ bending at room temperature is 1nvolved in the kznkzng p:e-k
cess, thzs prevzées new posszbliztes for nevel chemistry et 

these actzvated sztes after klnks have been 1ntredeceé

Although we'ﬁave estabiished‘that‘erystei;inity’withge~
the kink is mainteineé; we have also seen that‘the’defeime4
tion can be quite heteiegeneoes.k It:weeld veieaﬁle“te”
quanitify further‘the change in size and seeée of the'efys-e:
telilne éemeles within kznk banés with DF 1mag1ng ané wlth |

. additional HREM studies. Thzs would be partlculariy vaiuable

Lo~
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in a material which shows more axial ordering so that the

-"fine" versus "blocky" nature of the shear within the kink

- band could be more accurately understood.

The poésible role of dislocations ;n_kinkiné of oriented
polymers is a general question raised by this work which
should be addressed in more detail. HREM studies of
compressive def@rmafion in systems with larger, more perfect
crystals (like poly(diacetylenes)) should be able to
characterize the nature of dislocations at incoherent kink
boundaries better than in_these partly disordered syétems,

Another study of interest would be té further charac-
terize the thermodynamics of the deforma;ibn process by mea-

suring the change in state of the fiber with a known amount

of kinks introduced. This is best done by solution

microcalorimetry which would measure the stored enthalpy with
respect to a well defined equilibrium state (isotropic
solution). Studies of this nature have been used to measure

the stored energy of deformation in glassy thermoplastics,

E. Chapter VI: Grain Boundaries

Studies which can further our knowledge about the

structure and energetics of grain boundaries will help es-
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tablish whether the categorization scheme for grainibguhdé

aries in §01ymers7cut}ineé in Chapter VI will be useful.

It would be valuabléito investigate with’moieéﬁlér‘,;
mechanics methods the structure Shd energétic$ othhe dif~-
ferent types of gfain boundaries proposed. At thev@éménﬁ, it:
is only possible to make rongh estimates of the eneﬁgies of
these boundaries. Stadiésksﬁch as’these may'fiﬁékuniQSe‘ |
structures which have low energy and thérefbre mightkbe‘

particularly‘abnnéént in the actuai fiber.

A material which hés particularVPICmise for‘HREM studies
of grain ﬁouﬁdary defects ié an aromatié‘polyestei §hich is: :
szmziar to PPTA {Kevla:} and shows véry hlgh degrees cf o
Crystallznlty (Gardner et al., 1989). The very stzong, éﬁaxp'
crystalline reflectzons in thése fibers means that “ |
merphaloglcal study by HREM should’ :evea} maﬁy znteresting:“

types of structure and structural defects.

The obser%ation of‘éhear bands in isétrapié'fiiﬁs:of 
PBZT {Chapter VI} zndzcates that a 1ocal conformatzon change
15 probably not a necessazy requ1rement far shear Eocalzza-
t;on, since ‘such a motion dees nct seem p0531ble for stiff
PBZT withcut‘invéivinQ'a local covaleﬁt bcndkbenéing";Thekk'
mciécuiar motions’invelvéé in sheér localizatién'0f isotropic
PBZT films are nét at ali‘clear, aﬁd warrant ftrthé:‘

investigation. This understanding may become particularly
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Figure 7.1: Lacy Film of PBZT IV=2.5 dl/gm prepared by
floating a 0.135 weight percent solution in MSA onto water.
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important for largerr bulk parts which may have a more

isotropic orientation of tha PBZT mnlecules.
F. PBZT and PB2Z0O Thin Films and Crystal Solvates

Another area~sf research which has maﬁ§ fraitful‘pcssi—
bilities is that of the structure of PBZT and PBZO thin |
films. Figure 7.1 shows s film of PBZT‘madekby‘floating‘a
6;135 weiéhi'% solution in MSA onto water ané‘shes Eiftisg'

S the resultlng film with a hcley carbon grld The PBZT uséd‘
t> make this film had an 1ntrznzszc viscosity of 2.5 élfgm 1n ;
MSA at 30 c, csrresgondzng to a mclecular wezght of ;1f006
gms/mole. 'Ths PBZT mclecﬁles,fcrm a film with masy very fine
hoies‘ané junction peints; ’C1¢se inspecticn suggssts‘thati
therevare no extremely fine heles (less than 20 nm},
suggestzng that at very small élstances the PBZT moiecules
iave enocugh mobzllty tokmlnzmzze ssrfsce energy effects.
Apparently a free surfsce proviées‘ssfficient enérgy to force
PBZT malecules tcgethérkenoﬁgh to svsrcome their inheréht
rigiéity | | ” | | |

‘Other geometrical frustratlsn Probiems nght arlse as
the temperature is raised and the molecules begln to crys-
tallzze ’ The structure af Y—;unctlons in thin fllms w111 be
;Of partzcular 1nterest; since it is easy to 1mag1ne these
“might be the most stressed areas and 1ocatzsns of initial

fracturs for materlals made from PBZT mzcrcflbrlllar net-
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works, such as “in—sitn network" composites (Hwang, ét al;,
1989) .

Also observed in studies of PBZT thin films were crystal
solvate phases which formed when dilute PBZT SOIutiqns in MSA
were slowly exposed to atmospheric moisture. Electron
diffraétibn of tnéée phases showed them to be highly crys-
talline, with very sharp and distinct diffraction spots
(Martin, unpublished) . The crYstal solvate pnases‘fo;meq
from PEZT 0.135 weight pefcent‘solupion in MSA exhibit d-
spacings which cannot be indexed in terms of the known;uniﬁ
cells for crystal solvate phases formed from more
concentrated solutions in poly(phosphoric acid) (Cohen,
Saruyama, and Thomas( 1989) . -Optical_miérnscopy.of the
: coagulation behavior of crystal solvate SpherUlites showed a
chéngé'in color from orange to yellow when exposed to copins
‘amounts of water, followed by a dramatic collapse of the
spnerulite»just as the WAter meniscus passes during

evaporation.

WAXS experimenfs have Shown that PBZO solutions exist in
Athe_crystal solvate phase prior ;6 fiber Spinning (Adéms and
.Cohen, pfivate communication); A conCern for the future is a
detailed understanding of the equilib:iun phase diagram for
rigid~-rod polymer/solvent/non—solvent systems. Suéh a study
will require closed $ystems in which the amount of ndnf§g}-

vent is carefully controlled.
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